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Abstract 
In order for a photovoltaic device to be commercially viable it must have a 
production cost and operational stability commensurate with its final application. 
Both of these properties are influenced by many factors, including the production 
of the active materials and the deposition techniques used to fabricate it. In this 
thesis, the stability and manufacturability of two emerging photovoltaic materials 
are examined: organic semiconducting polymers and organic-inorganic 
perovskites.  
Organic semiconducting polymers are commonly synthesised through reactions 
utilising metal catalysts, which can remain with the polymer after synthesis, 
necessitating the investigation of their influence on photovoltaic devices. This 
work shows that the presence of the residual catalyst palladium in PCDTBT 
organic photovoltaic (OPV) devices caused significant reductions in power 
conversion efficiency and an additional increase in efficiency loss during the first 
60 hours of operation. It is also shown, however, that only minor losses occurred in 
PFD2TBT-8 OPV devices at high Pd concentrations, highlighting the need to 
examine individual material systems. 
Despite being a very new technology, perovskite solar cells (PSCs) have already 
achieved comparable performance to silicon solar cells, making it important to 
investigate the stability of such devices. The operational stability of PSCs in the 
inverted architecture was characterised, showing lifetimes of <300 hours. Using 
spectroscopic and device characterisation techniques, the major loss mechanisms 
were revealed to be reactions with water and oxygen, resulting the in the 
decomposition of the perovskite. It is also examined how the addition of 
hydroiodic acid to the perovskite precursor solution affects the performance and 
stability of spin and spray coated PSCs. Finally, the effects of deposition 
temperature and additional annealing on the operational stability of PSCs was 
investigated. 
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Chapter 1 
Introduction 
 
 
 
 
Global electricity generation has grown from 21,600 TWh (~78 PJ) in 2012 to 
23,300 TWh (~84 PJ) in 2013, an increase of 7.8%, and is predicted to grow by a 
further 57% by 2040 to 36,500 TWh (~131 PJ) [1,2]. In order to meet this 
predicted growth, new power plants will need to be constructed. Currently, the 
primary source of electricity is from burning fossil fuels (i.e. coal, oil, and natural 
gas), providing 64.7% of global generation, with coal being the single largest 
source of electricity at 41.3% of global generation [2]. Recently, however, fossil 
fuels have been becoming less desirable for two main reasons. Firstly, the finite 
nature of the resource means that they cannot be used indefinitely, and alternate 
forms of generation will be needed when the fuel runs out. Secondly, and arguably 
more pressingly, the negative environmental side effects of burning fossil fuels, 
releasing greenhouse gases (such as carbon dioxide and nitrous oxide) that lead to 
anthropogenic climate change and air pollution [3]. Nuclear power, accounting for 
10.6% of global electricity generation in 2013, has also become less desirable to 
the general public due to increased fear about the safety of nuclear power plants 
since the Fukushima Daiichi disaster in 2011 [4]. This makes renewable energy 
sources, including solar, wind, geothermal, biomass, and hydroelectric, accounting 
for 22% of global generation in 2013 (74% of which was from hydroelectric), the 
most desirable for future electricity generation.  
Of the various sources of renewable electricity, solar has arguably the largest 
potential for future energy generation as the total annual solar energy incident on 
the landmasses of the Earth is estimated to be 1,575 – 49,837 EJ, more than enough 
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to satisfy global energy needs [5]. Solar power generation exists in two forms, solar 
thermal and solar photovoltaic (PV). Solar thermal uses the energy of solar 
radiation to heat a fluid which can be used as direct heating, or to drive a turbine to 
generate electricity. Solar PV converts solar radiation directly into electricity 
through the use of semiconducting materials. Both of these technologies allow for 
the generation of electricity on a local basis. This can be important in areas without 
the grid infrastructure required for large scale generation, and can be integrated 
with pre-existing buildings through rooftop installation.  
Whilst it may sound like a simple matter of just rolling out solar generation across 
the world, there are issues preventing the mass deployment of solar power. Firstly, 
solar power is a variable source of electricity, with generation affected by the 
weather, time of day, and seasonal variations in sunlight. Therefore, energy storage 
or alternate forms of generation are needed to provide electricity at times when 
sunlight is limited or not available. Secondly, whilst the price of commercial silicon 
solar PV panels, the most common form of solar panel, has been decreasing rapidly 
due to increased production quantities, the price of produced energy is still high 
relative to generation from fossil fuels [5]. For example, the US Energy Information 
Administration estimates the cost of solar PV to be 12.5 cents/kWh, and the cost of 
conventional coal to be 9.5 cents/kWh [6]. There are several ways in which costs 
can be further reduced, including using materials that can be processed more 
cheaply or improved conversion efficiency. However, pushes to higher 
performance can lead to the use of more expensive materials, such as gallium 
arsenide, which have achieved efficiencies of 28.8%, close to the Shockley–
Queisser limit, or increased complexity, as seen in solar cells with multiple 
absorber layers [7,8]. Cadmium telluride solar cells have managed to achieve 
comparable performance to silicon, with lower processing costs [9]. Tellurium is, 
however, a relatively rare element, leading to uncertainty about the future of this 
technology [10].  
All of the materials discussed above are inorganic semiconductors, the oldest and 
most studied class of PV materials. In the past few decades, an alternative class of 
material has seen increasing interest, the organic semiconductor. These are small 
organic molecules or organic polymers (i.e. containing carbon) that have several 
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advantages over traditional inorganic semiconductors. Firstly, the deposition of 
organic materials can be performed from solutions, allowing the use of a variety of 
printing and coating techniques that are already established in industry, such as 
inkjet printing, slot die coating, and spray coating [11]. The processing of organic 
materials is also performed at low temperatures, and can be done in ambient air, 
reducing the energy cost and enabling a greater range of substrates to be able to be 
used, such as glass and flexible plastics [12]. The optical and electronic properties 
of organic semiconductors can be easily tuned by changing the structure of the 
materials [13]. Such factors should reduce the energy payback time of organic 
solar cells, and allow for the production of very cheap, light-weight, and flexible 
solar cells that can be fabricated via rapid roll-to-roll processes [14–16]. 
Despite these advantages, there are still issues with the lifetime and scalability of 
organic solar cells. Whilst the peak power conversion efficiencies (PCE) for single 
junction (one absorbing layer) solar cells is currently at 12.2% using the polymer 
PBDB-T, (high enough to be considered for commercialisation) this has only been 
demonstrated on a laboratory scale with device areas of 13 mm2 [17,18]. Higher 
efficiencies have been announced by Heliatek, achieving 13.2% in multi-junction 
(multiple absorbing layers) organic solar cells [19]. Much larger devices are 
required if organic solar cells are to be deployed, however, most efforts to increase 
their size have resulted in decreases in efficiency due to the magnification of 
detrimental effects, such as pinholes and parasitic resistances, as active areas 
increase [14,20]. The lifetimes of organic solar cells have also not been widely 
investigated, however, lifetimes of 7 – 11 years in laboratory scale PCDTBT based 
devices [21,22], and over 10,000 hours in P3HT based modules have been 
observed [23]. These are promising results for the future of organic solar cells, but 
further study is required to make them commercially viable, particularly for higher 
efficiency devices. 
Another class of material for solar PV has emerged over the past decade, the 
perovskite, and has caused much excitement in solar cell research communities. 
Perovskites are materials with a particular crystal structure that can exhibit 
semiconducting properties. The common perovskites used in PV are hybrid 
materials, containing both organic and inorganic components, and seem to 
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combine the advantages of both types of semiconductor. As with organic 
semiconductors, perovskites can be processed at low temperatures, from solution, 
in ambient conditions, enabling the use of a wide variety of substrates and printing 
and coating techniques. Perovskite solar cell performance is, however, more 
comparable to inorganic solar cells due to the excellent optical and electronic 
properties they exhibit, such as ambipolar charge transport and long charge 
carrier lifetimes [24], with peak device efficiencies currently reaching 22.1% [25].  
Despite these impressive properties perovskite solar cells are not yet ready for 
commercialisation. One major issue is that the most common perovskite materials 
that are being studied contain lead, a fact that potentially prevents deployment due 
to health and safety regulation [24,26]. Alternatives, such as tin, are being 
investigated, however solar cells fabricated using such materials currently exhibit 
much lower performance (<7% efficiency) than the lead based counterparts [27–
29]. The scalability of perovskite solar cells also presents some issues. As with 
organic solar cells, most devices fabricated in laboratories have small active areas 
(<1cm2), and attempts to increase this generally result in performance losses. 
Potentially the most important issue, however, is the stability of perovskite 
materials. Most studies of perovskites have shown them to be inherently unstable, 
decaying in a matter of hours [30].  
In Table 1.1 the peak PCE and lifetimes of the current market leaders of inorganic 
solar cells alongside those for organic and perovskite solar cells. The performance 
of organic (12.2%) and perovskite (22.1%) solar cells are reaching the 
performances of amorphous silicon (13.6%) and cadmium telluride solar (22.1%) 
cells respectively. However, in both cases the lifetime of devices is severely 
reduced in comparison to the inorganic devices, with organic devices lasting only 1 
year as a module (11 years have been achieved for much smaller devices), and 
perovskite devices lasting less than a year. 
 
 
 
Chapter 1  Page 5 
 
Solar Cell Peak PCE (%) Peak Lifetime 
Processing 
Technique 
Amorphous 
Silicon 
13.6 20 years [31] 
Chemical vapour 
deposition 
Crystalline 
Silicon 
25.0 30 years [32] 
High-temperature 
annealing 
Gallium 
Arsenide 
28.8 30 years [32] 
Vapour phase 
epitaxy 
Cadmium 
Telluride 
22.1 25 years [33] 
Close space 
sublimation 
Organic 12.2 [17] 
11 years (lab) [21] 
1 year (modules) [23] 
Spin coating 
Perovskite 22.1 0.57 years [34] Spin coating 
 
Table 1.1: Peak power conversion efficiency (acquired from the National 
Renewable Energy Laboratory Solar Cell Efficiency chart unless otherwise stated), 
lifetime, and primary processing techniques for several types of solar cell. 
In order for organic and perovskite solar cells to reach commercial viability it has 
therefore become more important to optimise for stability, rather than chasing 
incrementally higher efficiencies. A more efficient device is not necessarily a more 
stable one, and there may be materials, device architectures, or processes that 
produce more stable devices at the expense of some efficiency which need to be 
investigated.  
1.1: Thesis Summary and Motivation 
The aim of this thesis is to investigate the lifetime and stability of both organic and 
perovskite PV devices, as well as the mechanisms at work and influencing factors. 
It is hoped that this will provide useful information to help improve the lifetime of 
such devices, and push them closer to commercialisation. The thesis is structured 
as follows. In Chapter 2, relevant background information and theory of the origin 
of semiconducting properties and the operational principles of both organic and 
perovskite solar cells is provided. For both materials, a brief literature review of 
lifetime experiments is included to highlight progress in this research field. The 
experimental methods used in this thesis are described in Chapter 3. 
In Chapter 4, the effects of palladium (Pd), an impurity left over from the synthesis 
of most organic polymers used in PV, on the performance and stability of PCDTBT 
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and PFD2TBT-8 organic photovoltaic (OPV) devices are investigated. It is shown 
through laser beam induced current mapping and backscattered scanning electron 
microscopy (provides elemental contrast when imaging) that Pd is responsible for 
the formation of large aggregates in PCDTBT which act as current shunts between 
the contacts of the devices. When subjected to continuous illumination, it is found 
that efficiency losses during the initial rapid ‘burn-in’ are increased by the 
presence of Pd. It is speculated that such burn-in is due to the formation of new 
current shunts by Pd in the bulk of the active layer. In PFD2TBT-8 devices, Pd is 
shown to have a much smaller effect on the performance of devices, with no 
significant changes occurring below a certain concentration. It is speculated that 
this may be due to the improved solubility of PFD2TBT-8 over PCDTBT preventing 
the formation of large aggregates. This is also reflected in the lifetime 
measurements, where similar decay trends are seen for all Pd concentrations. 
Chapter 5 characterises the operational stability of encapsulated ‘inverted’ 
architecture methylammonium lead iodide-chloride perovskite devices, over a 
period of one month. It is shown that such devices decay rapidly over the course of 
the test, having lifetimes (defined as the time taken for the power conversion 
efficiency to decrease by 20% during the linear decay period) shorter than 300 
hours, with losses primarily occurring in the short circuit current density. Using 
external quantum efficiency, time resolved photoluminescence, and laser beam 
induced current, it is shown that the mechanisms behind the degradation most 
likely result from reactions with oxygen and water, causing the decomposition of 
the perovskite into lead iodide, hydroiodic acid, and methylamine. 
Chapter 6 investigates the impact of adding 1 vol% hydroiodic acid to the 
precursor solution of spray coated methylammonium lead iodide-chloride 
perovskite devices on both initial performance and operational stability. The 
additive is shown to improve the initial performance of devices through an 
increase in the short circuit current density. This is a result of enhancement of the 
external quantum efficiency, removing a dip between 600 and 700 nm observed in 
devices fabricated without the additive. This is speculated to be due to greater 
control over precursor ratios due to the additive improving the solubility of the 
materials. When subjected to 1 month of continuous operation, the devices 
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utilising the additive also proved to have improved long term stability, an effect 
believed to be a result of improved chemical stability of the perovskite. 
In Chapter 7, the effects of annealing methylammonium lead iodide-chloride 
perovskite at an elevated temperature after conversion of the precursor materials 
on the stability of devices is examined. It is shown that this additional anneal 
results in a loss of initial efficiency, but a significant increase in the stability of the 
devices. Initial losses are correlated with increased inhomogeneity of the spatially 
resolved photocurrent, most likely a caused by the extra anneal damaging the 
perovskite layer. The improved stability is believed to be due to the removal of 
water and oxygen absorbed into the hole transport and perovskite layer, reducing 
the rate at which decomposition reactions occur.  In addition to this, the effects of 
substrate and solution temperature during the deposition of the perovskite layer 
on stability have been investigated. It is observed that the performance of devices 
improves as processing temperature increases, an effect correlated with increases 
in the short circuit current density. This is attributed to improved surface 
coverage, enabling improved absorption and better charge transport. However, the 
reverse effect was seen for the stability, with devices deposited at lower 
temperatures exhibiting the highest stability.  
Finally, the results of this thesis are summarised in Chapter 8, along with 
suggestions about how the work can be built upon. 
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Chapter 2 
Background Theory 
 
 
 
 
2.0: Introduction 
This chapter covers the physical and electrical properties behind organic 
semiconductor and perovskite materials used in photovoltaics. A brief introduction 
to photovoltaics is given in Section 2.1, with the characterisation of photovoltaic 
devices explained in Section 2.2. In Section 2.3 the origin of semiconducting 
properties in organic materials and the operational principles of organic 
photovoltaic devices are described. Section 2.4 covers the semiconducting 
properties and operational principles of perovskite solar cells. Towards the end of 
Sections 2.3 and 2.4 are brief reviews of the literature on the operational stability 
of organic photovoltaics and perovskite solar cells respectively. 
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2.1: Photovoltaics 
The photovoltaic effect is the process of converting light into electricity that occurs 
in some semiconductors. In general, semiconductors have a band gap, Eg, the 
energy difference between the highest filled electron energy level (known as the 
valence band) and the lowest unoccupied electron energy level (known as the 
conduction band). If a photon incident on the semiconductor has energy, Eγ, 
greater than the band gap energy, then it will be absorbed, promoting an electron 
from the valence band to the conduction band and leaving a hole in the valence 
band. The electron-hole pair are coloumbically bound in a state known as an 
exciton and to collect the charge carriers this exciton must be dissociated. The 
binding energy of an exciton is dependent on the dielectric constant, εr, of the 
material, the level of screening between charges, and will therefore dictate how 
dissociation will occur. Materials with high εr have high charge screening, resulting 
in low exciton binding energy and high spatial separation. Excitons in these 
materials can dissociate thermally at ambient temperatures. Conversely, materials 
with a low εr have poor charge screening, resulting in an exciton with high binding 
energy and low spatial separation. In order to dissociate excitons an interface 
between materials with energy levels differing by more than the exciton binding 
energy must be used. Once the exciton is dissociated, the charges are swept to the 
electrodes by an electric field where they are collected and can then be used in an 
electronic circuit. 
The choice of band gap for a photovoltaic device is very important, as this affects 
the available energy that can be harvested. For Eγ > EB, the photon is absorbed, 
with excess photon energy used to promote the electron to energy levels above the 
conduction band. The electron then relaxes down to the conduction band 
minimum resulting in the loss of the excess energy. Conversely, if Eγ < EB, then the 
photon will not be absorbed, again resulting in lost energy. Consequently, when 
considering a blackbody spectrum of 6000 K (approximately that of the Sun), it can 
be seen that with a band gap that is too large, a significant amount of photons will 
not be absorbed, whilst a too small band gap results in a large number of absorbed 
photons, but a significant loss of energy due to the relaxation of electrons to the 
conduction band minimum. This enables a theoretical maximum device efficiency 
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to be calculated by finding a balance between these two factors. Indeed, this was 
determined by Shockley and Queisser in 1961 to be approximately 33% [1]. 
The field of photovoltaics has been largely dominated by inorganic semiconductors 
since its discovery in 1839 by Edmond Bacquerel [2,3]. However, in the past few 
decades, the field of organic photovoltaics has been steadily growing, with 
efficiencies of champion devices now achieving over 11% [4]. More recently, a new 
field of photovoltaics has emerged, the perovskite solar cell, which has seen 
remarkable progress since its inception less than 10 years ago, with champion 
devices displaying efficiencies over 20% [5]. The progress of the entire field of 
photovoltaics, including organic and perovskite photovoltaics, can be seen in 
Figure 2.1, the solar cell efficiency chart by the National Renewable Energy 
Laboratory. 
 
Figure 2.1: Peak solar cell efficiency since 1976 for all varieties of device. This plot 
is courtesy of the National Renewable Energy Laboratory, Golden, CO. 
2.2: Characterising Photovoltaic Devices 
To determine the performance of a solar cell, it must be measured whilst under 
solar illumination. The Sun emits a spectrum that is approximately a black body 
with a temperature of 5780 K. This spectrum has peak intensity in the visible 
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region and a large infra-red tail. However, in order to reach the surface of Earth it 
must first pass through the atmosphere, where a significant portion of the solar 
radiation is absorbed. Hence, when testing a solar cell, this spectrum is not used. 
Instead, the industry standard illumination is the AM1.5G (air mass 1.5 global) 
solar spectrum, shown in Figure 2.2, which has a power density of 100 mW/cm2 
[6]. This is the spectrum of solar irradiance after passing through 1.5 Earth 
atmospheres, equivalent to average solar irradiation at mid-latitudes, such as in 
Europe or the USA. 
 
Figure 2.2: AM1.5G solar spectrum. Data courtesy of the National Renewable 
Energy Laboratory, Golden, CO [7]. 
The key parameter that is used to characterise a solar cell is its ability to convert 
solar radiation into electricity, known as the power conversion efficiency (PCE). 
This is the ratio of incident light power to output electrical power and can be 
determined by measuring the photocurrent density, J, whilst scanning across a 
range of voltages, V, under solar illumination. From the resultant J-V curve, several 
useful metrics of a device can be determined. An example J-V curve is shown in 
Figure 2.3, and is annotated with the various parameters which can be determined. 
Chapter 2  Page 16 
 
 
Figure 2.3: An example J-V curve showing the open circuit voltage (Voc), short 
circuit current density (Jsc), maximum power point (MPP), and the voltage and 
current density at maximum power (VMP and JMP respectively). The area 
highlighted yellow shows the maximum power output of the solar cell, the ratio of 
this area to the area highlighted grey is the fill factor (FF) of the solar cell. 
The PCE can be calculated using Equation 2.1: 
 𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛
=
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹
𝑃𝑖𝑛
 (2.1) 
Here, Pout (Pin) is the output (input) power of the device, Jsc is the short circuit 
current density, Voc is the open circuit voltage, and FF is the fill factor.  
The Jsc is the current density generated by the cell with 0 V applied bias, using only 
the built-in field created by the difference in work functions of the electrodes to 
extract charges from the device. Therefore, this parameter is dependent on the 
absorption characteristics of the photoactive layer, and the charge generation, 
transport, and extraction efficiency of the device. 
The Voc is the voltage at which there is no generated photocurrent, and the 
maximum voltage output of a solar cell. This occurs when the applied electric field 
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cancels out the built-in field, removing all driving force for directed charge 
transport. The Voc of a photovoltaic device is dependent upon the energy levels of 
the photoactive materials, the work functions of the electrode materials, and the 
charge carrier recombination rate within the device. 
The FF can be calculated Equation 2.2: 
 
𝐹𝐹 =
𝐽𝑀𝑃𝑉𝑀𝑃
𝐽𝑠𝑐𝑉𝑜𝑐
 (2.2) 
Here, JMP and VMP are the current density and voltage at the maximum power point 
respectively. This parameter is the ratio of the actual performance of a device to its 
performance with no series resistance and infinite shunt resistance, and is ideally 
as close to unity as possible. 
A solar cell is a diode, and hence the current density-voltage characteristics can be 
described using the Shockley diode equation: 
 
𝐽(𝑉) = 𝐽𝑝ℎ − 𝐽𝐷 = 𝐽𝑝ℎ − 𝐽0 [exp (
𝑒𝑉
𝑘𝐵𝑇
) − 1] (2.3) 
Here, Jph is the generated photocurrent, JD is the diode current density, J0 is the dark 
saturation current density, and all other symbols have their usual meanings. 
However, this is for an ideal photodiode and does not account for potential losses 
in a solar cell. Therefore a modified version of the equation is used: 
 
𝐽(𝑉) = 𝐽𝑝ℎ − 𝐽0 [exp (
𝑒(𝑉 + 𝐽𝑅𝑠)
𝑛𝑘𝐵𝑇
) − 1] −
𝑉 + 𝐽𝑅𝑠
𝑅𝑠ℎ
 (2.4) 
Here, n is the diode ideality factor, and Rs and Rsh are the series and shunt 
resistances respectively. Using this equation, a solar cell can be modelled by the 
equivalent circuit diagram, shown in Figure 2.4. 
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Figure 2.4: The equivalent circuit of a solar cell, all symbols have the meanings as 
described above. 
The Rs accounts for bulk resistance within layers and interface resistance arising 
from energetic barriers. In an efficient solar cell this value should be minimised, as 
this resistance lowers charge collection efficiency. This can be minimised by the 
ensuring good energy level alignment of materials within the solar, thereby 
reducing the barriers to charge extraction, and charge carrier recombination rates. 
An approximate value of Rs can be calculated from the inverse of the gradient of a J-
V curve at Voc. The Rsh accounts for the resistance of alternate current pathways 
through a solar cell. This value is ideally as high as possible for an efficient device, 
unlike Rs, as this prevents current leakage. Maximising the Rsh can be achieved 
through the reduction of the recombination rate and current leakage pathways 
within the device. An approximate value of Rsh can be calculated from the inverse 
of the gradient of a J-V curve at Jsc. 
The external quantum efficiency, EQE, is another parameter that can be used to 
characterise a device. It is the ratio of incident photons to charges extracted, and 
the wavelength dependant EQE can be calculated using Equation 2.5: 
 
𝐸𝑄𝐸(𝜆) =
𝐽ℎ𝑐
𝑃(𝜆)𝜆𝑒
 (2.5) 
Here, P(λ) is the incident power as a function of wavelength. The internal quantum 
efficiency, IQE, the ratio of absorbed photons to charges extracted can also be 
measured. The IQE is useful in providing information about the charge generation, 
transport and extraction efficiency of a device. However, this measurement only 
accounts for losses after photon absorption has occurred. The EQE quantifies the 
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efficiency of absorption and charge generation, transport and extraction, taking 
into account losses that can occur due to reflection at the front face, absorption by 
other layers within the device, and active layer thickness.  
2.3: Organic Photovoltaics 
2.3.1: Introduction 
Organic photovoltaics (OPVs) use organic semiconducting polymers to produce the 
photovoltaic effect, converting light into electricity. They boast several advantages 
over inorganic materials, including lower weight, higher mechanical flexibility, and 
ability to be processed from solution, enabling the use of various printing and 
coating techniques, and the potential for roll-to-roll processing.  
History of Organic Photovoltaics 
The photovoltaic effect was first discovered in 1839 by Edmond Becquerel [2], and 
photoconductivity was first seen in an organic molecule, anthracene, 67 years later 
in 1906 by Pochettino [8]. It was not until 1982, however, until a polymer based 
photovoltaic device was fabricated, when Weinberger created a device using 
polyacetylene between aluminium and graphite. This device performed poorly, 
with PCE well below 1%, but showed that polymers could be used as the 
photoactive material in a solar cell. The low efficiency came from poor exciton 
dissociation in the organic layer, a consequence of the low dielectric constant of 
organic materials, which prevents thermal dissociation.  
OPV devices continued to exhibit efficiencies below 1% until Tang reported a 
device containing two different organic layers in 1986, commonly thought of as the 
birth of the field of organic photovoltaics [9,10]. With this structure Tang was able 
to achieve PCE of ~1% due to improved exciton dissociation at the interface 
between the two organic materials. Despite this discovery, the efficiencies of 
devices did not rise significantly due to problems with exciton diffusion. In organic 
materials, excitons can generally travel approximately 10 nm before 
recombination of the electron and hole occurs [11]. This presented severe 
limitations on OPV devices, as the organic layers would have to be only 10 nm thick 
to ensure all excitons were able to reach the interface between the two materials, 
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resulting in very poor optical absorption in the active layer. If thicker organic 
layers were used to improve optical absorption, excitons not generated within 10 
nm of the interface would be lost due to recombination.  
This problem was solved independently in 1995 by Yu et al. [12] and Hall et al. 
[13], with the development of the ‘bulk heterojunction’ (BHJ). Here, two organic 
polymers were deposited from the same solution, resulting in the formation of an 
interpenetrating, bicontinuous network of the two materials. This enabled the 
creation of much thicker active layers whilst maintaining a short separation 
between the materials, enabling good optical absorption and efficient exciton 
dissociation. Further improvements were made by the adoption of the 
polymer:fullerene BHJ, with an organic polymer acting as an electron donor (hole 
transporting material) and a fullerene as an electron acceptor (electron 
transporting material), which is used in the most efficient devices to date [4,14].  
Current State of Research 
Since the development of the BHJ, the PCE of OPV devices has steadily risen 
through the synthesis of many new polymers. Some of the most studied donor 
polymers include derivatives of poly(p-phenylene vinylene) (PPV) and poly(alkyl-
thiophenes) (in particular poly(3-hexylthiophene-2,5-diyl), P3HT) [15,16]. 
However, PPVs have relatively large band gaps, resulting in poor absorption and 
limiting the achievable PCE to <4% [16,17]. Similarly, despite good charge 
transport and light absorption properties, P3HT is limited by relatively poor 
energy level alignment with the most commonly used acceptor fullerenes are [6,6]-
phenyl-C61-butyric acid methyl ester (PC60BM), and [6,6]-phenyl-C71-butyric acid 
methyl ester (PC70BM), resulting in Voc reaching a peak value of < 0.7 V [18]. This 
has led to the synthesis of more polymer classes with a focus on smaller band gaps 
and better energy level alignment with fullerene materials.  
One class of polymer that has attracted significant interest from the OPV 
community are poly carbazole derivatives, with the most studied being poly[N-90-
heptadecanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thenyl-20,10,30-
benzothiadiazole)] (PCDTBT). In optimised devices PCDTBT has displayed PCEs of 
7.5% [19], with IQE approaching 100% [20], and in operational stability studies 
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lifetimes exceed 7 years have been exhibited [21]. PCDTBT has also been shown to 
have a good degree of ambient stability, with comparable performance for devices 
fabricated both in inert and ambient conditions [22]. Structural variations of 
PCDTBT have also been investigated, such as the addition of alkyl chains to the 
benzothiadiazole, improving the solubility of the polymer whilst maintaining its 
performance. The addition of extra thiophene moieties to the polymer backbone 
has been shown to reduce the band gap energy of PCDTBT, as well as improving 
the intramolecular charge transport [23].  
The peak certified PCE for single junction OPV devices is currently 11.5% (see 
Figure 2.1) for a poly[(5,6-difluoro-2,1,3-benzothiadiazole-4,7-diyl)-alt-(3,3’’’-di(2-
nonyltridecyl)-2,2’;5’,2’’;5’’,2’’’-quaterthiophen-5,5’’’-diyl)] (PffBT4T-C9C13) based 
device using PC70BM as the acceptor fullerene in the structure ITO/ZnO/active 
layer/V2O5/Al [4]. The authors used 1,2,4-trimethylbenzene as the solvent for the 
polymer:fullerene solution, with an additive 1-phenylnaphthalene, to achieve 
improved active layer morphology. For multi-junction devices, the peak certified 
performance is currently held by Heliatek, who have achieved 13.2% with 
thermally evaporated small molecules [24]. 
OPV devices have also been processed using scalable techniques such as spray 
coating [25] and doctor blading [26], showing comparable performance to devices 
fabricated using spin coating, the most common fabrication technique. Indeed, 
devices based on P3HT, fabricated entirely using inkjet printing have been shown 
to achieve over 75% of the performance of reference devices [27]. There have also 
been reports of large area OPV devices fabricated entirely via roll-to-roll 
processing being employed in a small scale solar farm, exhibiting over 2% PCE 
from P3HT:PCBM devices with an active area of 14.7 m2 [28] (typical laboratory 
solar cells have an active area <1 cm2). More recently, OPV modules using PBTZT-
stat-BDTT-8 (full name not provided) have achieved PCE of 4.5% for an active area 
of 114.5 cm2 [29]. 
Device Architecture 
OPV device architectures can be in one of two forms, ‘standard’ or ‘inverted’, and 
are shown in Figure 2.5. In standard architecture devices, the active layer is 
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situated between a transparent hole extracting anode and reflective electron 
extracting cathode. In the inverted architecture, this is reversed, with the anode 
being reflective and the cathode being transparent [30]. In both of these 
architectures the non-transparent electrode is reflective to improve the light 
absorption of the active layer, and thus increase the number of photogenerated 
charge carriers in a device.  
 
Figure 2.5: Schematic diagram of incident light, and electron and hole extraction for 
(a) standard and (b) inverted architecture OPV devices. 
In addition to these layers, an electron transport layer (ETL) and hole transport 
layer (HTL) are often included in a device. These facilitate the extraction of charge 
carries from the active layer by providing an intermediate energy level between 
those of the active materials and the electrodes. They can also be used to 
determine the polarity of the device, i.e., whether it is standard or inverted 
architecture, by choice of position within the device stack and materials used. 
Here, they act as ‘blocking layers’, preventing undesired charge carriers from 
reaching an electrode. This can enable the use of the same electrode materials in 
both architectures, such as the commonly used indium tin oxide (ITO) which can 
be used as a transparent anode or cathode [31], with the direction of charge 
extraction dictated by the ETL and HTL positions. An energy level diagram of a 
typical standard architecture PCDTBT:PC70BM OPV device employing both a HTL 
and an ETL is shown in Figure 2.6. Here, it can be seen that PEDOT:PSS provides an 
intermediate energy level between the ITO and the highest occupied molecular 
orbital (section 2.3.4) of the PCDTBT, which will assist in the collection of holes. 
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Meanwhile, the calcium ETL provides a blocking layer, preventing holes from 
reaching the aluminium cathode. 
 
Figure 2.6: Energy level diagram of a typical PCDTBT:PC70BM OPV device, with an 
indium tin oxide (ITO) anode and aluminium (Al) cathode. A PEDOT:PSS hole 
transport layer and calcium (Ca) electron transport layer are also employed. The 
path of electrons and holes through the device is highlighted. 
The inverted architecture has gained interest due to the potential for increased 
device stability over those using the standard architecture. Standard architecture 
devices make use of low work function metals, such as Ca and Al, which are 
susceptible to reactions with water and oxygen. In the inverted architecture, 
higher work function metals such as Ag and Au are used instead, providing devices 
with much greater ambient stability [32]. 
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2.3.2: Atomic and Molecular Orbitals 
Electrons that exist within atoms are said to occupy orbitals. These orbitals are 
quantum mechanical in nature and, unlike classical orbitals with well-defined 
positions, can be thought of as the probability of an electron existing in a certain 
location due to the uncertainty principle [33]. The properties of atomic orbitals, 
including occupancy and shape, are defined by four quantum numbers, given in 
Table 2.1 along with their possible values. 
Quantum 
Number 
Symbol 
Electron 
Property 
Values 
Principle n Potential energy 𝑛 ≥ 1 
Azimuthal l 
Magnitude of 
angular 
momentum 
0 ≤ 𝑙 ≤ 𝑛 − 1 
Magnetic ml 
Direction of   
angular 
momentum 
−𝑙 ≤ 𝑚𝑙 ≤ 𝑙 
Spin ms Direction of spin 𝑚𝑠 = ±
1
2⁄  
 
Table 2.1: Quantum numbers defining atomic orbitals. The values for n, l and ml 
may only be integers. 
The shell an electron occupies is determined by n, the principle quantum number, 
with the particular orbital defined by l, the azimuthal quantum number. Due to the 
Pauli Exclusion Principle, only one electron can have each combination of values 
for the four quantum numbers, dictating the maximum electron occupancy of each 
orbital. Table 2.2 shows each combination of the quantum numbers and the 
maximum occupancy of the orbitals in the first two shells of an atom. The first 
orbital is the 1s orbital; ‘s’ orbitals exist where l = 0, and can contain a maximum of 
two electrons. This occurs at each value of n, meaning that the first orbital of each 
shell, i.e. 1s, 2s, 3s, can only contain two electrons. In the second shell, l = 0 or 1, 
meaning a second orbital exists in addition to the 2s orbital. This extra orbital is a 
‘p’ orbital and can contain up to six electrons. As ml = -1, 0, or 1 for ‘p’ orbitals, they 
are split into sub-orbitals px, py, and pz. These orbitals have equal energy, but are 
orientated along the x, y, and z axes of the atom respectively, as shown in Figure 
2.6(b). At higher energies the angular momentum can take higher values, forming 
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‘d’ (l = 2) and ‘f’ (l = 3) orbitals. These orbitals have complex shapes and are rarely 
encountered in organic semiconductors, and will therefore not be covered in this 
thesis.  
n l ml ms 
Orbital 
Name 
Total 
Electrons 
1 0 0 
½ 
1s 2 
-½ 
2 
0 0 
½ 
2s 
8 
-½ 
1 
-1 
½ 
2p 
-½ 
0 
½ 
-½ 
1 
½ 
-½ 
 
Table 2.2: Quantum numbers, orbital names and electron occupancy for the 
orbitals of the first two shells of an atom. 
 
Figure 2.6: Schematic diagram of (a) an s orbital and (b) p orbitals of electrons. 
In order to create organic semiconducting polymers, atoms need to be bound 
together into molecules using covalent bonds. By bringing two atoms close enough 
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together, the orbitals will overlap and combine, creating a single probability cloud 
for both electrons, known as a bonding orbital. More specifically, a bonding orbital 
occurs when the electron wavefunctions combine in-phase. This results in a 
lowering of the energy of the orbital as the increased electron density between the 
two atoms increases the shielding from Coulombic repulsion. However, if there are 
additional electrons, such as in a full orbital, they will be unable to occupy the 
bonding orbital due to the Pauli Exclusion Principle [34] and will instead occupy an 
antibonding orbital, combing wavefunctions out-of-phase. This orbital does not 
occupy the region between the atoms and is higher energy, due to reduced electron 
density and therefore Coulombic shielding, resulting in an unstable bond. The 
bonding and anti-bonding orbitals are shown in Figure 2.8(a), along with the 
energy level splitting in Figure 2.8(b). 
Both bonding orbitals and antibonding orbitals can exist as σ bonds or π bonds, 
depending on the symmetry of the orbital. If the orbital is symmetric around the 
axis between the two atoms, the bond is a σ bond. If the orbital is asymmetric 
around the axis between the two atoms, it is a π bond. As a π bond exists away 
from the axis connecting the two atoms, the electron density is reduced, leading to 
the π bond being weaker than the σ bond [35]. 
 
Figure 2.8: (a) Schematic of electron orbitals and (b) energy level splitting for 
bonding and antibonding. 
2.3.3: Atomic Orbital Hybridisation 
The main and most important component of organic polymers is the carbon atom. 
Carbon (12C) has 6 electrons with the configuration 1s2, 2s2, 2px1, 2py1 in the 
ground state. Normally, the filled 2s orbital would mean that the atom could only 
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form a maximum of two bonds using the electrons in the 2p orbital. However, 
when forming bonds carbon undergoes a process known as atomic orbital 
hybridisation which enables the atom to form up to four bonds. This is a two-step 
process with the first step being the promotion of a 2s electron to the 2p orbital, 
resulting in the configuration 1s2, 2s1, 2px1, 2py1, 2pz1. The energy for this 
promotion originates from electromagnetic attraction of the other atom involved 
in the bonding process. The remaining 2s orbital is then combined with one, two or 
all three of the 2p orbitals to create sp, sp2 or sp3 hybrid orbitals respectively.  
 
Figure 2.9: Schematic diagram of (a) sp3, (b) sp2, and (c) sp hybridised s and p 
electron orbitals. Blue orbitals represent hybridised orbitals, whilst orange orbitals 
represent unhybridised p orbitals. 
The sp3 hybrid orbital results in 4 available hybrid bonds, which are equally 
spaced in a tetragonal structure with 109.5˚ between each bond, as shown in 
Figure 2.9(a). Covalent bonds created with these hybrid orbitals are σ bonds, and 
are very strong and highly localised. Therefore, structures created using sp3 
hybridised carbon are usually chemically inert and electrical insulators. The sp2 
hybrid orbital creates 3 available hybrid bonds, as shown in Figure 2.9(b), spaced 
120˚ apart in-plane, with the remaining non-hybridised p orbital existing 
perpendicular to this plane. When a σ bond is formed, the p orbitals of the two 
atoms overlap and combine, forming a π bond existing parallel to the σ bonds, as 
shown in Figure 2.10. 
It is important to note that atomic orbital hybridisation is not limited to just 
carbon, and can occur for many atoms. 
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Figure 2.10: Schematic diagram of a σ and π bonds. The blue orbital represents a σ 
bond, and the orange orbitals represent π bonds. 
2.3.4: Conjugation and Band Formation 
The σ bond is often referred to as a single bond, whilst a combination of a σ and a π 
bond is referred to as a double bond. When a molecule or polymer contains 
alternating single and double bonds it is said to be conjugated. To demonstrate 
how this leads to semiconducting properties, the benzene molecule is commonly 
used. Benzene is a ring of six sp2 hybridised carbon atoms with alternating single 
and double bonds. There are two possibilities for the relative position of these 
bonds within the molecule as shown in Figure 2.11. In both cases, the π electron 
orbitals exist as rings above and below the plane of the molecule, making the two 
configurations effectively identical as the bond position does not affect the 
properties of the molecule. This makes the configurations indistinguishable, 
resulting in the π bonds being able to exist in both positions simultaneously. The π 
electrons therefore become delocalised around the entire ring, being unable to be 
associated with a specific bond between carbon atoms [35]. This delocalisation of 
the π electrons gives conjugated systems their semiconducting properties. 
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Figure 2.11: Benzene 1 and 2 show the two possible relative positions on π bonds. 
As these are indistinguishable the π are delocalised around the entire ring of 
carbon atoms, as shown in benzene 3. 
Due to the relative weakness of the π bonding orbital, it is the highest energy state 
in the system occupied by electrons. This state is known as the highest occupied 
molecular orbital (HOMO) and is analogous to the valence band in an inorganic 
semiconductor. As this state is fully occupied, any additional electrons added to the 
system will occupy the next highest energy state. This is the π* antibonding orbital 
and is known as the lowest unoccupied molecular orbital (LUMO). Like the HOMO, 
this state has a parallel in inorganic semiconductors, in this case the conduction 
band. The relative energies of the σ and π bonding and antibonding orbitals are 
shown in Figure 2.12. The HOMO and LUMO of a molecule correspond to the 
ionisation potential (IP) and electron affinity (EA) respectively, and the difference 
between them is the defined as energy band gap of the system.  
The HOMO and LUMO energies of a system are also affected by the environment 
surrounding them. Inorganic semiconductors are generally ordered systems, with 
a structure of repeating units, giving well-defined energies for the valence and 
conduction bands. Conjugated systems, however, are generally disordered. This 
can lead to an increase in the localisation of electrons in the system, altering the 
energy of the HOMO and LUMO. Furthermore, this makes the bands ‘broader’ 
increasing available transitions within the system. 
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Figure 2.12: Relative energy levels of the σ and π bonding and antibonding orbitals. 
Polyacetylene is the simplest conjugated polymer, a chain of carbon atoms with 
alternating single and double bonds, as shown in Figure 2.13(a). It is apparent that 
if the single and double bonds are equal in length, then the π electrons would be 
delocalised along the entire chain of the polymer, effectively making it a one-
dimensional metal. Empirically, however, it has been shown that polyacetylene 
exhibits semiconducting behaviour, not metallic behaviour. This is due to Peierls 
instability, whereby one dimensional metals are unstable and undergo lattice 
distortions resulting in differences between the lengths of single and double bonds, 
as shown in Figure 2.13(b) and (c). To explain this, a system with equally spaced 
identical atoms is considered. Here, the electrons half fill the energy band of the 
system. To change the atom spacing costs elastic energy as being equally spaced is 
the most energetically favourable state. This changes the period of the atomic 
lattice, opening a band gap in the system and lowering the energy of the occupied 
electron states. If this decrease is greater than the elastic energy cost to move the 
atoms, it creates a more energetically favourable state for the system, resulting in 
semiconducting behaviour instead of conducting behaviour [36]. The extent of the 
delocalisation of π electrons is therefore reduced to several repeat units rather 
than the whole polymer chain, reducing the energy of the bonding orbital and 
creating an energy gap. For example, in polyacetylene the bond lengths have been 
found to be 1.44 and 1.36 Å for single and double bonds respectively [37], giving 
an energy gap of 1.4 eV [38]. 
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Figure 2.13: (a) Polyacetylene, (b) π electron cloud for equal single and double 
bond lengths, (c) electron clouds due to Peirels instability, with electron density 
increased around double bonds. 
2.3.5: Photocurrent Generation in Organic Photovoltaic Devices 
Exciton Formation 
An energy level diagram of an idealised system is shown in Figure 2.14. Here, the 
curves represent the HOMO and LUMO of a conjugated system, with each of these 
states containing additional vibrational energy levels.  
If a photon incident on a conjugated system is equal to, or greater than, the energy 
band gap, it will be absorbed and an electron will be excited from the LUMO, 
leaving a hole in the HOMO. As nuclear motion occurs over much longer time scales 
than electronic transitions, the excitation is represented using a vertical line. This 
is known as the Franck-Condon principle: an electronic transition is most likely to 
occur without changes in the position of the nuclei [39]. If the photon energy is 
greater than the band gap, then the electron will be excited into one of the higher 
vibrational levels of the LUMO, before undergoing non-radiative relaxation to the 
lowest vibrational level over a timescale of 0.1 ps [40].  
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Figure 2.14: Franck-Condon energy level diagram showing the ground state, S0, and 
first excited state, S1, and vibrational energy levels within each state. Electron 
transitions are highlighted for absorption, fluorescence, and non-radiative 
relaxation. The offset of the energy states is due to electron transition rules. 
Unlike inorganic semiconductors, organic semiconductors generally have low 
dielectric constants (εr), typically 3-4 [30,41]. This means that the electron and 
hole generated in photoexcitation are Coulombically bound in an electrically 
neutral quasiparticle known as an exciton. These excitons have a lifetime on the 
order of 1 ns, after which the electron and hole will recombine (known as geminate 
recombination as the charge carriers originate from the same initial state). This 
occurs through the emission a photon with energy equal to or less than, the band 
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gap of the system, allowing the electron to relax back to one of the vibrational 
levels of the HOMO, in a process known as fluorescence.  
 
Figure 2.15: The chemical structure of poly(p-phenylene vinylene) in (a) the 
ground state, and (b) the photoexcited state. The presence of an exciton is 
illustrated by the blue ellipse.  
When an exciton is generated it causes distortions to the atomic lattice of the 
material, shifting the structure from aromatic to quinoidal in the region near the 
exciton, as shown in Figure 2.15. The electron and hole in the exciton are therefore 
quasiparticles known as polarons, a combination of charge carrier and 
deformation. As mentioned in the previous section, the HOMO and LUMO energies 
of a material are affected by their environment, therefore the generation of an 
exciton polaron results in changes to the energy levels of the system [42]. An 
electron in the LUMO is an electron polaron and causes a decrease in the energy of 
the orbital due to the relaxation of surrounding bonds. Similarly, a hole in the 
HOMO is a hole polaron and causes an increase in the energy of the orbital due to 
changes in the surrounding bonds [43]. 
Exciton Diffusion 
Photogenerated excitons in organic semiconductors are typically Frenkel excitons, 
characterised by a relatively high degree of localisation (from polaronic 
interactions with the atomic lattice), low exciton radius, and high binding energies 
(EB). In contrast, excitons in inorganic semiconductors generally display Wannier-
Mott exciton characteristics, i.e. delocalised, high exciton radius, and low binding 
energies, owing to the high dielectric constants (silicon has εr = 12.3 [44]). The low 
dielectric constant typical of many organic systems means that photogenerated 
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excitons have EB of ~0.3 eV [10,45], which is greater than thermal energy at 
ambient temperatures (𝑘𝐵𝑇 ~ 0.026 eV). Therefore, the exciton will not dissociate 
spontaneously, as occurs in inorganic semiconductors. As is discussed in the next 
section, this high binding energy has consequences for the operation of an organic 
photovoltaic device as charge separation can only occur at an interface between 
two materials with an energy offset greater than EB. In organic photovoltaic 
devices this interface is typically formed between a donor polymer and a fullerene 
acceptor. 
Excitons travel through organic semiconductors by a process called diffusion 
where a random ‘hopping’ process occurs from site to site. This ‘hopping’ can occur 
either within a molecule or polymer chain (intramolecular hopping), or between 
different molecules or polymer chains (intermolecular hopping). The average 
distance over which exciton can diffuse (LD) before recombining is given by [46]: 
 𝐿𝐷 = √𝐷𝜏 (2.6) 
Here, D is the diffusion coefficient and τ is the photoluminescence decay lifetime. 
In conjugated polymer systems the exciton diffusion length is typically 5 – 10 nm 
[11]. There are two main mechanisms by which excitons diffuse: Förster resonant 
energy transfer (FRET) and Dexter electron transfer. FRET occurs when the 
emission spectrum of the donor and the absorption spectrum of the acceptor 
overlap, enabling the energy of the exciton in the donor to be transferred to the 
acceptor via a dipole-dipole electromagnetic interaction. Here, the electron in the 
donor relaxes back to the ground state and the energy is used to promote the 
electron in the acceptor. This energy transfer process occurs over donor-acceptor 
separations (r) of 1 – 5 nm, with efficiency decreasing as 𝑟−6. In Dexter electron 
transfer the donor and acceptor exchange electrons, moving the excited state to 
the acceptor. This occurs over shorter separations than FRET, typically less than 1 
nm, with the probability decreasing exponentially with r [11]. Both FRET and 
Dexter electron transfer are illustrated in Figure 2.16. 
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Figure 2.16: Schematic diagrams of (a) Förster resonant energy transfer, and (b) 
Dexter electron transfer. 
Exciton Dissociation 
In a photovoltaic device, a key initial step in the creation of a charge-separated 
state is exciton dissociation. In OPVs this occurs at an interface formed from 
dissimilar materials and will only occur providing it is energetically favourable. 
This requires that the LUMO energy of the acceptor is lower relative to LUMO 
energy of the donor, allowing the electron to transfer from the donor to the 
acceptor. Similarly, for hole transfer the HOMO energy of the donor must be higher 
relative to the HOMO energy of the acceptor. This is shown in Figure 2.6 for for the 
donor polymer PCDTBT and the acceptor fullerene PC70BM. Whilst the two charge 
carriers now reside in separate materials (the electron in the acceptor and the hole 
in the donor), they remain bound by mutual Coulombic attraction, as shown in 
Figure 2.17(c). At this point they are said to reside in a charge-transfer (CT) state. 
The next step in dissociation requires breaking the CT state, which can be 
described by Onsager’s theory, whereby the thermal energy of the electron and 
hole must surpass their Coulombic attraction to be considered separated. The 
separation distance at which this condition arises, rc, is given by [40]: 
 
𝑟𝑐 =
𝑒2
4𝜋𝜀𝑟𝜀0𝑘𝐵𝑇
 (2.7) 
Here, e is the elementary charge, εr is the dielectric constant of the materials, ε0 is 
permittivity of vacuum, kB is the Boltzmann constant and T is the temperature of 
the system. For organic semiconductors rc is approximately 15 – 20 nm in ambient 
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conditions. However, dissociation of the CT state can also be assisted by an 
external electric field, and will effectively reduce the required separation [47]. 
 
Figure 2.17: Schematic diagram of photocurrent generation in an OPV, illustrating 
(a) exciton formation, (b) exciton diffusion, (c) the charge-transfer state, and (d) 
free charge transport. 
If the conditions required for the dissociation of the exciton are not met, there are 
several recombination mechanisms that can occur, as shown in Figure 2.18 [48]. 
Firstly, if the distance to the interface between the donor and acceptor is greater 
than the exciton diffusion length, then the exciton will undergo excited state 
geminate recombination (Figure 2.18(a)). Secondly, if there is insufficient thermal 
energy, or the external electric field is too weak, then the CT state will not be 
broken, and the electron and hole will geminately recombine (Figure 2.18(b)). 
Finally, if the HOMO of the acceptor is too high or the LUMO of the donor too low, 
then exciton transfer may occur instead of charge transfer, followed by 
recombination in the acceptor (Figure 2.18(c)). Additionally, after the charges have 
been separated, non-geminate recombination (in which electrons and holes from 
different initial states recombine) may occur as a result of electronic traps. This 
process is known as Shockley-Read-Hall recombination (Figure 2.18(d)). 
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Figure 2.18: Schematic diagrams of (a) excited state geminate recombination, (b) 
CT state geminate recombination, (c) recombination after energy transfer, and (d) 
non-geminate recombination. 
It should be noted that whilst charge transfer requires an energy offset between 
the donor and acceptor, the rate of transfer does not increase continually with the 
magnitude of the offset. Indeed, with an offset much greater than EB, energy is lost 
in the process, leading a reduction in photovoltaic device efficiency. 
Charge Transport 
In order to extract the newly dissociated charge carriers, they must be transported 
through the donor and acceptor materials to the electrodes. Charge carriers are 
localised to single molecules due the energetic and spatial disorder of the system, 
as well as weak intermolecular coupling. The process of charge transport can 
therefore be described as phonon-assisted ‘hopping’, rather than the band 
transport that occurs in inorganic semiconductors. A Gaussian disorder model, in 
which charge transport is assumed to occur within a Gaussian distribution of 
disordered states, provides the simplest description of charge transport. The 
distribution of energetic states, g(E), is given by [49]: 
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𝑔(𝐸) =
1
√2𝜋𝜎
exp (−
𝐸2
2𝜎2
) (2.8) 
Here, σ is the disorder parameter, which represents the width of the density of 
states (DOS), and E is the energy of the site. This distribution of energy states 
allows transport to occur without the presence of an electric field via diffusion to 
lower energy states. However, the direction in which this occurs will be random, 
limiting the usefulness of this process. At elevated temperatures, T, diffusion to 
higher energy states is activated, and the hopping rate, νij, between sites i and j for 
both conditions is given by the Miller-Abrahams equation [50]: 
 
𝜈𝑖𝑗 = 𝜈0exp(−2𝛾Δ𝑟𝑖𝑗) {
exp (−
𝐸𝑗 − 𝐸𝑖
𝑘𝐵𝑇
)         𝐸𝑖 < 𝐸𝑗
1                                     𝐸𝑖 ≥ 𝐸𝑗
 (2.9) 
Here, ν0 is the attempt-to-escape frequency, Δrij is distance between sites i and j, γ 
is coupling matrix element between sites, and Ei and Ej are the energies of sites i 
and j respectively. It is therefore only energetically favourable for the charge to 
hop from site i to site j when Ei ≥ Ej in the absence of temperature activation. In the 
case of Figure 2.6, it can be seen that holes should transfer from PCDTBT to 
PEDOT:PSS, and finally to ITO, due to the relative position of the energy levels. 
Here, it should be noted that Ca is implemented as a hole blocking layer, made thin 
enough to allow electrons to pass through to the cathode. Consequently, if a charge 
carrier hops to site with significantly lower energy than those surrounding it, it 
may become trapped and eventually recombine. 
The presence of an electric field, F, also affects the charge transport by tilting the 
DOS, reducing the energy required for charge transport [51]. Whilst under the 
influence of an electric field, charge carrier mobility, µ, is typically used to describe 
the charge transport. The electric field and temperature dependant mobility, as 
determined by Monte-Carlo simulations, is given by [49,52]: 
 
𝜇(𝑇, 𝐹) = 𝜇0exp [− (
2𝜎
3𝑘𝐵𝑇
)
2
] {
exp [𝐶(𝜎2 − Σ2)𝐸
1
2⁄ ]         Σ ≥ 1.5
exp [𝐶(𝜎2 − 2.25)𝐸
1
2⁄ ]      Σ < 1.5
 (2.10) 
Here, µ0 is the zero-field mobility at infinite temperature, Σ is the spatial disorder 
of the system, and C is an empirical constant related to intermolecular distance. 
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Note that charge carrier mobility can be increased by reducing either the energetic 
(σ) or spatial (Σ) disorder of the system. Organic semiconductors typically 
demonstrate mobilities on the order of 10-3 cm2/Vs [51], several orders of 
magnitude lower than inorganic semiconductors. 
Finally, it is important to note that charge carriers can still recombine whilst being 
transported to the electrodes for extraction. Whilst under an electric field, the 
average distance that the charge can travel before this occurs, Ldrift, is given by 
[53]: 
 𝐿𝑑𝑟𝑖𝑓𝑡 = 𝜇𝜏𝐹 (2.11) 
Here, τ is the average time before a carrier recombines and F is the applied electric 
field. As organic semiconductors exhibit low carrier mobilities, Ldrift is a relatively 
short distance, limiting the thickness of the light-harvesting layer of an organic 
photovoltaic device. Indeed, typically the optimised thickness of this layer is <100 
nm, despite poor light absorption at these thicknesses. 
Charge Extraction 
Once the charge carrier reaches the interface with the electrode, appropriate 
energy level alignment is required to efficiently extract it. For ideal charge 
extraction, the work function of the anode, Φanode, should be equal to the HOMO 
energy of the donor, and the work function of the cathode, Φcathode, should be equal 
to the LUMO energy of the acceptor. This results in ohmic contact between the two 
materials, where free flow of charges across the interface occurs. Here, the Fermi 
levels of the two materials align through the transfer of electrons from the material 
with the higher Fermi level to that with the lower Fermi level. If these energy 
levels are not well aligned, which could result from poor active layer morphology 
or electrode material choice, then the materials are in non-ohmic contact. Here, the 
resistance is high, leading to reduced extraction efficiency and a build-up of 
charges at the interface, increasing non-geminate recombination rates. The 
morphology of a BHJ active layer can also impact the extraction efficiency, as an 
abundance of acceptor material at the anode interface, or donor material at the 
cathode interface, may increase recombination rates near the interface, reducing 
charge extraction [54]. 
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The difference in work functions of the electrodes creates a built-in potential, VBI, 
which dictates the direction of charge transport within the device. In an OPV 
device with non-ohmic contact, the open-circuit voltage, Voc, (the maximum voltage 
output of a solar cell) is equal to the VBI [55]. However, in a device with ohmic 
contact, the Voc is determined by the energy levels of the donor and acceptor 
materials, rather than the VBI, and can be estimated using the following equation 
[56]: 
 
𝑉𝑜𝑐 =
1
𝑒
(𝐸𝐻𝑂𝑀𝑂
𝐷𝑜𝑛𝑜𝑟 − 𝐸𝐿𝑈𝑀𝑂
𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟) − 0.3 V (2.12) 
Here, e is the elementary charge, and the -0.3 V is an empirically determined 
constant to account for the difference between the Voc and the VBI. However, there 
are other factors that affect the Voc of an OPV. It has been observed that the 
formation of CT states [57], charge carrier recombination rates [58], and 
illumination intensity [59,60] can all influence the Voc, causing further deviations 
from the VBI.  
As mentioned in Section 2.3.1, it has become common practise in OPV devices to 
utilise hole and electron transport layers. These layers have intermediate work 
functions between the active layer and electrode materials, thus reducing energy 
barriers to charge extraction. Furthermore, they can act as charge blocking layers, 
improving device performance by preventing current leakage [61]. 
The efficiency of each of the mechanisms described, exciton formation, exciton 
diffusion, exciton dissociation, and charge transport and extraction, contributes to 
the external quantum efficiency, ηEQE, of an OPV device. This can be expressed as 
shown in Equation 2.13 [62,63]: 
 𝜂𝐸𝑄𝐸 = 𝜂𝐴𝜂𝐸𝐷𝜂𝐶𝑇𝜂𝐶𝐶  (2.13) 
Here ηA is the absorption efficiency of the active layer, representing exciton 
formation, ηED is the exciton diffusion efficiency, ηCT is the charge transfer 
efficiency, representing the efficiency of exciton dissociation, and ηCC is the charge 
collection efficiency, representing the efficiency of charge transport and extraction 
from the device. By looking at Equation 2.31, it is apparent that to achieve a high 
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performance OPV device each of these processes must be made as efficient as 
possible.  
Space Charge Limited Current 
Space charge occurs when there is a build-up of charge carriers within a material, 
resulting in a spatially distributed continuum of electrical charge. In 
semiconductors this can occur when there is ohmic contact with an electrode 
injecting one type of charge carriers. With no space charge, carriers will diffuse 
from the electrode into the electrically neutral semiconductor, resulting in a charge 
density dependent current. However, when there is space charge, the current is no 
longer charge density dependant as the semiconductor is no longer electrically 
neutral. Instead, the current flow is dependent on the charge mobility of the 
material and the applied electric field. This is known as the space charge limited 
current (SCLC) regime, and can be used to determine the charge carrier mobility of 
a semiconductor [64]. 
Here, the semiconductor is sandwiched between electrodes both having work 
functions matching either its HOMO or LUMO so that only one species of charge 
carrier can be injected or extracted. The SCLC can then be observed from a dark 
current-voltage measurement, as shown in Figure 2.19.  
The dark current-voltage curve consists of three regions of differing current 
dependence on applied bias. The first region is the ohmic regime occurring at low 
bias, where the current is created by charges that are free to move throughout the 
device. The second region, occurring at higher bias, is the trap-filling regime. Here, 
the rapid increase in current results from the filling of trap states, consequently 
increasing the Fermi level until it resides above the trap energy [65]. Charge 
carriers in trap sites are immobile, and serve to reduce the electric field within the 
device through ‘screening’ of the applied field. Once the Fermi level reaches this 
energy, most of the traps are filled and the device enters the SCLC region.  
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Figure 2.19: An example SCLC current density-voltage measurement with the 
current dependence regimes highlighted. The axes of the plot are logarithmic.  
In the SCLC region the current density, J, can be calculated using the Mott-Gurney 
law [66]:  
 
𝐽 =
9
8
𝜀𝑟𝜀0𝜇
𝐸2
𝐿
 (2.14) 
Here, εr is the dielectric constant of the organic semiconductor, ε0 is the 
permittivity of free space, E is the electric field across the device, L is the thickness 
of the organic semiconductor layer, and μ is the steady state charge carrier 
mobility. Equation 2.14 enables the mobility of a charge carrier to be easily 
determined from the gradient of the SCLC regime, as εr, ε0, and L are known 
constants. 
2.3.6: Organic Photovoltaic Device Degradation 
There have been a number of long term stability experiments on organic 
photovoltaic devices, primarily conducted on devices using P3HT:PCBM as the 
active layer. A useful measure of the lifetime of a solar cell is T80 lifetime, the time 
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taken for the PCE of a device to reach 80% of the initial PCE. This is not given in all 
studies, but will be mentioned if it is reported. 
In 2006, De Bettignies et al. [67], subjected unencapsulated standard architecture 
P3HT devices with Ca/Ag and LiF/Al cathodes to 200 hours of continuous 
illumination. The devices with Ca/Ag were found to be more stable than those with 
LiF/Al, with PCE decreasing by 40% over 200 hours and 90% over 100 hours 
respectively.  
Hayakawa et al. [68] examined the effect of an additional TiOx hole blocking layer 
between the Al cathode and the P3HT:PCBM active layer of standard architecture 
OPV devices on the stability of the short circuit current over 100 hours of 
continuous illumination. Solar cells without the hole blocking layer degraded 
completely over this period, whereas the short circuit current of devices with the 
TiOx layer decreased by only 6%. This difference in stability was attributed to the 
TiOx blocking the invasion of oxygen into the active layer, preventing detrimental 
photo-oxidation reactions. 
To determine the influence of oxygen and moisture on inverted architecture 
P3HT:PCBM OPV devices, Norrman et al. [69] subjected encapsulated and 
unencapsulated devices to continuous illumination in an oxygen free, humid 
atmosphere and in dry air. For the oxygen free atmosphere, the devices were 
illuminated for 470 hours, during which time the unencapsulated devices 
completely degraded. The PCE of the encapsulated devices, however, decreased by 
only 30%. In dry air, the devices were only illuminated for 70 hours, however, 
within this time the unencapsulated devices completely degraded and the PCE of 
encapsulated devices decreased to 20%. In both cases, the major loss mechanism 
was ascribed to reactions with oxygen or water resulting in phase separation of the 
HTL and active layer interface. 
Zimmermann et al. [70] investigated the effects of two different ETLs, as well as 
active layer thickness, on the stability of inverted P3HT:PCBM devices. 
Encapsulated devices using either a Cr or Ti ETL, and either 80 or 170 nm thick 
active layers, were illuminated for 1,500 hours. Cr was found to be the most stable 
ETL for both 80 and 170 nm thick active layers, with PCE degrading by 10% and 
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20% respectively. The thinner active layer was also found to be more stable for the 
Ti ETL, with PCE decreasing by 30%, whilst devices with the thicker active layer 
degraded by 40%. 
Peters et al. [21] used a custom built system to monitor the performance of 
P3HT:PCBM and PCDTBT:PC70BM OPV devices over 4,400 hours of continuous 
illumination. The devices were encapsulated using a glass slide with a recess 
containing a desiccant, sealed at the edges. During the illumination, the PCE of both 
types of device degraded by ~25%. However, the rate of degradation differs 
between the two devices resulting in different T80 lifetimes. For the P3HT devices, 
a T80 lifetime of 3.1 years was achieved, whereas the PCDTBT devices gave twice 
the T80 lifetime of 6.2 years. Both of these values were estimated assuming 5.5 
hours of sunlight per day, 365 days per year.  
Further stability measurements on PCDTBT:PC70BM solar cells were performed by 
Bovill et al. [71]. Here, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS), molybdenum oxide (MoOx), and vanadium oxide (V2O5) HTLs were 
used to determine the role of the HTL on the stability of standard architecture OPV 
devices over a 620 hour period of continuous illumination. It was found that 
PEDOT:PSS provided the greatest stability, with PCE decreasing by ~25% over the 
period, resulting in a T80 lifetime of 14,500 hours. Losses for this layer were 
ascribed to the anode being damaged by the acidic PEDOT:PSS. V2O5 proved to be 
the least stable, with PCE decreasing by ~80% over the period, exhibiting a T80 
lifetime of only 350 hours. This was speculated to be due to precursor solvent for 
the V2O5 being trapped within the device and damaging the active layer. MoOx 
provided slightly greater stability than the V2O5, but was worse than PEDOT:PSS, 
with PCE decreasing by 60%, giving a T80 lifetime of 1,000 hours. The losses were 
ascribed to the breakdown of the MoOx resulting in the formation of charge 
trapping states. 
There have been long term studies on the lifetime of flexible OPV devices based on 
P3HT. Hauch et al. [72] placed P3HT:PCBM OPV modules outside for 14 months, 
with maximum power output measured every 60 seconds. Over the first few 
months the maximum power output increased by 40%, and after approximately 8 
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months the power output decayed linearly down to 80% of the starting power. 
Interestingly, despite the overall loss in power output the PCE of the modules 
increased by ~3%, due to a 10% increase in the FF. The decrease in power output 
is explained by the 7% decrease of the Voc changing the maximum power point. 
This was taken further by Gevorgyan et al. [73], who distributed flexible inverted 
architecture P3HT:PCBM OPV modules to various geographic locations to measure 
the stability in real world conditions. The modules were split into three groups 
based upon the stability they exhibited. Group 1 and 2 modules were tested for 
3,500 hours, with group 1 being the least stable, giving T80 lifetimes less than 500 
hours. The modules in group 2 fared better, exhibiting T80 lifetimes between 500 
and 1,000 hours. The most stable devices were in group 3. These modules were 
tested for 10,000 hours, with only a 10% reduction in PCE over this period, 
resulting in a T80 lifetime greater than 8,000 hours. The losses observed in all of the 
modules were ascribed to deterioration of the encapsulation due to the metal 
contact, allowing the ingress of oxygen and water into the device. 
Shelf-life studies have also been conducted on P3HT. Here, devices are tested over 
an extended period, but are not illuminated between measurements. Lloyd et al. 
[74] performed a comparison of the shelf-life of several different device structures, 
both for standard and inverted architectures, stored in ambient conditions for 960 
hours. All standard architecture devices were observed to degrade over this time. 
Both device structures using a Ag cathode degraded completely in this time, whilst 
those using Ca/Al with no HTL proved the most stable, with 60% loss of PCE. 
Interestingly the PCE of devices using the inverted architecture actually increased 
during the study, reaching 140% of the initial PCE in devices utilising a BHJ. The 
effect of a ZnO ETL on the shelf-life of standard architecture P3HT devices in air 
was investigated by Ferreira et al. [75]. Without the ZnO layer, devices completely 
degraded within 24 hours, due to reactions between the Al cathode and the active 
layer compromising the interface. With ZnO nanoparticles (NP) between the two 
layers, the stability was significantly improved by reducing these reactions, 
resulting in 90% decrease over 1,870 hours. This was further improved through 
the addition of a ZnO NP layer deposited via the sol-gel method, resulting in only 
40% losses over 1,870 hours of storage. This is ascribed to improved adhesion of 
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the ETL to the active layer. Kang et al. [76] investigated the effect of the deposition 
method for a ZnO ETL on the stability of inverted architecture devices. Spin 
coating, spray coating, and sputtering were used to deposit the layer, and the 
devices were stored for 720 hours in air. The PCE for all of the devices degraded by 
20%, indicating that these deposition methods had no impact on the air-stability of 
devices. 
In Chapter 4 the operational stability of OPV devices with varying impurity 
concentrations is compared. It is therefore important to understand the possible 
degradation pathways that can occur in an OPV device. There are four main 
mechanisms: photobleaching, trap formation, phase separation, and delamination, 
which are covered in greater detail in the following sections. The degradation of 
OPV devices is not necessarily influenced by all of these mechanisms 
simultaneously, and each will affect the device to differing degrees.  
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Photobleaching 
Photobleaching of polymers occurs when a polymer undergoes a photochemical 
reaction that reduces its ability to absorb light. This reaction is typically photo-
oxidative, causing chain scission of the polymer backbone, resulting in the 
breaking of conjugation of the polymer. As this is a photochemical reaction, it will 
occur whenever the device is in operation, making it important to limit the 
exposure of the active layer to oxygen [77]. 
Trap Formation 
The formation of traps in a device leads to the degradation of device performance. 
Deep traps can form as a result of photochemical reactions or the diffusion of metal 
ions from the electrodes. Charges that enter deep traps are unlikely to escape and 
will recombine through non-geminate recombination. This leads to a loss of charge 
carriers and will reduce the FF, Jsc, and Voc of a device. Additionally, shallow traps 
can form through photochemical reactions or molecular reorganisation increasing 
energetic disorder within the system. Charges situated within shallow traps create 
space-charge build-up at the interfaces, resulting in band bending and reduced 
charge extraction efficiency [78].  
Phase Separation 
If the temperature of an OPV device exceeds the glass transition temperature of the 
active materials then phase separation will occur. During this process larger donor 
and acceptor regions form, potentially resulting in the distance to an interface 
exceeding the exciton diffusion length. This leads to a reduction in the internal 
quantum efficiency of a device due to losing photogenerated excitons through 
excited state geminate recombination [79]. 
Delamination 
Delamination is the breaking of contact between layers of a device, and is caused 
by thermo-mechanical stresses [80]. This can result in an energetic barrier against 
charge extraction, usually leading to complete loss of performance in the regions 
affected.  
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Decay Behaviour 
Most OPV device decay curves, which measure PCE as a function of time, have the 
same general behaviour, as shown in Figure 2.20. There is an initial decay period, 
known as the ‘burn-in’ period, in which device performance undergoes rapid, 
exponential decay. The magnitude and duration of this period varies with material 
systems and device architectures. After the burn-in period the degradation 
stabilises, becoming linear and usually lasting for significantly longer than the 
burn-in period.  
 
Figure 2.20: Typical decay profile for the PCE of an OPV device. An initial rapid 
decay, known as the burn-in, occurs followed by linear degradation.  
The lifetime of a device is determined after the end of the burn-in period and is 
defined by the T80 lifetime. This is the time taken for the PCE of the device to reach 
80% of its value immediately after the end of the burn-in period. 
2.4: Perovskite Solar Cells 
2.4.1: Introduction 
A perovskite is a material with the structure ABX3, first discovered in 1839 by 
Gustav Rose, and named after the Russian mineralogist, L.A. Perovski [81]. 
Perovskite solar cells (PSCs) use these materials to convert solar radiation into 
electricity, and are the most rapidly improving photovoltaic device, having reached 
PCEs in excess of 20% in the 4 years since birth of the field [5,82] (see Figure 2.1). 
This is due to the remarkable properties exhibited by perovskites, such as 
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ambipolar charge transport [83], tunable band gap [84], and being processed from 
scalable processes [85–87]. 
History of Perovskite Solar Cells 
The first use of a perovskite material in a solar cell was reported in 2006 by 
Miyasaka et al., using the perovskite CH3NH3PbBr3, as a visible light sensitiser in a 
dye-sensitised solar cell (DSSC), achieving a PCE of 2.2% [88]. DSSCs typically use a 
TiO2 scaffold coated in a light absorbing dye, known as the sensitiser, to produce 
photocurrent. The same group improved this to 3.8% in 2009 by replacing the Br 
in the perovskite with iodine [89]. By using the CH3NH3PbI3 in the form of 
quantum dots as the sensitiser, Im et al. were able to push the PCE to 6.5% in 2011 
[90]. However, DSSCs use electrolytes as a hole transport layer (HTL), and 
perovskites were typically found to be soluble in these electrolytes, resulting in 
rapid degradation of the devices. This problem was solved by Kim et al. in 2012, a 
major turning point for the material, by replacing the electrolytic HTL with spiro-
OMeTAD (2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene), 
a solid state material used for hole injection in organic LEDs, not only improving 
the stability, but also boosting the PCE to 9.7% [91].  
In the same year, another major turning point for perovskites, and the birth of the 
PSC field, was reported by Lee et al. [92]. Here, several key developments were 
reported. Firstly, the use of the mixed halide perovskite CH3NH3PbI3-xClx, which 
was found to have better stability and charge transport properties than 
CH3NH3PbI3. Secondly, the nanocrystal perovskite used up to this point was 
replaced with a 50 – 100 nm thin film over the scaffold. Thirdly, by replacing the 
TiO2 scaffold typically used with insulating Al2O3, the Voc was improved resulting in 
a PCE of 10.9%, showing that the perovskite could transport both electrons and 
holes. Finally, this was further exemplified by the fabrication of a planar device 
without any scaffold, exhibiting 1.8% PCE. 
Current State of Research 
Since the work of Lee et al. in 2012 PSCs have seen a remarkably rapid rise in 
device performance, with the champion certified PCE currently at 22.1% (see 
Figure 2.1) [93]. The most studied perovskite is methylammonium lead triiodide, 
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CH3NH3PbI3 [5,94], with other important perovskites including the mixed halide 
variations, CH3NH3PbI3-xClx and CH3NH3PbI3-xBrx, both having improved 
environmental stability over CH3NH3PbI3, and achieving 18.9% and 12.3% PCE 
respectively [84,92,95]. Replacements for the methyammonium (CH3NH3), termed 
MA have been investigated, with formamidinium (HC(NH2)2+), termed FA, and 
caesium being among the most common, achieving PCE of 14.2% and 6.8% for 
FAPbI3 and CsPbI3 respectively [96–100]. The reduced performance of CsPbI3 is 
primarily a result of an increase in the band gap from 1.57 eV to 1.73 eV when MA 
is substituted by Cs [99,101]. Through partial substitution of I with Br, creating 
CsPbBrI2, the PCE of Cs based perovskites has been improved to 6.5% through 
improved optical and structural stability [100]. Conversely to CsPbI3, FAPbI3 has a 
smaller bad gap than MAPbI3, at 1.48 eV, suggesting greater potential for these 
materials than MAPbI3. However, PCEs of only 14.2% have been achieved so far, 
suggesting further work is required for these materials to reach the performances 
of MAPbI3 [96]. Mixtures of these cations have also been investigated, for example, 
FA0.9Cs0.1PbI3 has been shown to achieve a PCE of 16.5%, an improvement over 
FAPbI3 due to a reduction of trapping states within the active layer [98].  
In an attempt to move away from lead, alternate anion materials are being 
examined, with work primarily focussed on tin. So far, performance of these 
materials, such as MASnI3 and FASnI3, has been relatively poor, achieving peak 
PCEs of ~6% in both cases [102–104]. This relatively poor performance is 
attributed to several factors: the formation of electrical shorts through the 
oxidation of Sn, poor film uniformity due to rapid crystallisation, and reactions 
with other layers damaging the perovskite, particularly in standard architecture 
devices [103]. 
As with OPVs, perovskite solar cells have been fabricated using a variety of scalable 
techniques, such as spray casting [85,86,105] and blade coating [87]. For both of 
these techniques performances comparable to those of spin cast devices were 
achieved. In the case of blade coating, improved ambient stability of the perovskite 
was also achieved due to the formation of a more densely packed perovskite layer, 
with larger domains, preventing the infiltration of degradation catalysts oxygen 
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and water into the perovskite. This highlights potential for perovskites to be 
fabricated via cheap and rapid roll-to-roll processes, similar to OPVs. 
There is increasing interest in the stability of perovskites as the performance of 
such devices are now comparable to those of commercial silicon solar cells. This 
will be covered in more detail in Section 2.4.7, but a general overview will be given 
now. Typically, CH3NH3PbI3 and its derivatives have been found to be unstable, 
with decomposition occurring in the presence of water and oxygen [106–108], 
making it necessary to either improve the stability of this perovskite, find a more 
stable perovskite, or improve device encapsulation to produce PSCs with long 
lifetimes. Recently, a perovskite with the composition 
Cs5(MA0.17FA0.83)95Pb(I0.83Br0.17)3 has been found to achieve a lifetime of ~5,000 
(~30 weeks) hours, making it the most stable perovskite to date [109].  
Device Architecture 
As PSCs originally started as DSSCs, the most common architecture for PSCs is with 
light incident through the electron extracting cathode. This is referred to as the 
standard architecture. If the light is incident through the hole extracting anode, it is 
known as the inverted architecture (note that this nomenclature is the opposite 
way round to that used for OPVs). Standard architecture devices can be split into 
two main structures: planar and mesoporous, whilst inverted architecture devices 
only use the planar structure. Planar devices employ a structure similar to OPVs, 
with the active layer perovskite sandwiched between a pair of electrodes. Electron 
and hole transport layers (ETLs and HTLs) are commonly included for the same 
reasons described in Section 2.3.1, and an energy level diagram of a typical 
inverted architecture CH3NH3PbI3-xClx PSC is shown in Figure 2.21. Mesoporous 
devices utilise a mesoporous scaffold onto which the active layer is deposited, and 
can exist either in a ‘sensitised’ or ‘meso-superstructured’ form. In the ‘sensitised’ 
form, the scaffold acts as an ETL, transporting electrons generated in the 
perovskite to the cathode. In the ‘meso-superstructured’ form, the scaffold is 
purely structural, with electron transport occurring through the perovskite 
[83,110]. All of these architectures are illustrated schematically in Figure 2.22. 
Chapter 2  Page 54 
 
 
Figure 2.21: Energy level diagram of a typical inverted architecture CH3NH3PbI3-
xClx (MAPbI3-xClx) with an indium tin oxide (ITO) anode and aluminium (Al) 
cathode. A PEDOT:PSS hole transport layer and lithium fluoride (LiF) electron 
transport layer are also employed. The path of electrons and holes through the 
device is highlighted. 
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Figure 2.22: Schematic diagram of incident light, and electron and hole extraction 
for (a) sensitised and (b) meso-superstructured mesoporous architecture PSCs, 
and (c) standard and (d) inverted planar architecture PSCs. 
2.4.2: Perovskite Crystal Structure 
Within the ABX3 structure of a perovskite, A and B are cations and X is an anion. 
Here, six X anions form an octahedron, with the B situated at the centre, and each X 
is a vertex of two octahedra, forming a 3D structure of connected octahedra. The A 
cation, which is larger than the B cation, resides in the space between the 
octahedra. This is shown in Figure 2.23(a). Due to this structure, the size of each 
ion is critical in the formation of a perovskite crystal, and will affect the 
optoelectronic properties of the material [81]. The perovskite crystal generally 
exists in one of three structures, cubic, tetragonal, or orthorhombic, dependant on 
the geometry of the unit cell. Figure 2.23(b) shows the unit cell of a perovskite 
crystal with side lengths a, b, and c. The cubic structure unit cell has sides of equal 
length, i.e. a = b = c. Tetragonal and orthorhombic structures are stretched along 
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one and two sides respectively, such that for a tetragonal unit cell a = b ≠ c, and for 
an orthorhombic unit cell a ≠ b ≠ c. 
 
Figure 2.23: (a) Perovskite crystal structure, and (b) the unit cell for the perovskite 
crystal. 
The stability of a perovskite crystal, as well as the probable structure it will form 
can be determined from a tolerance factor, t, given by [111]: 
 
𝑡 =
𝑅𝐴 + 𝑅𝑋
√2(𝑅𝐵 + 𝑅𝑋)
 (2.15) 
Here, RA, RB, and RX are the ionic radii of ions A, B, and X respectively. In order to 
form a perovskite crystal, the tolerance factor must be 0.76 < t < 1.13, for values 
outside of this range the formation of a perovskite crystal is energetically 
unfavourable. For 0.89 < t < 1.0, the resultant perovskite will have a cubic crystal 
structure, with lower values of t resulting in tetragonal or orthorhombic structures 
[5].  
In a typical organometal halide perovskite, A is an organic cation, B is a metal 
cation, and X is a halide anion. In the most commonly reported organometal halide 
perovskites methylammoium lead triiodide (CH3NH3PbI3), termed MAPbI3, and 
mixed-halide CH3NH3PbI3-xClx, the organic cation A is methylammonium (CH3NH3+, 
MA+), with RA = 0.18 nm [112], the metal cation B is lead (Pb2+), with RB = 0.119 
nm, and the halide anion X is iodine (I-), with RX = 0.22 nm, or chlorine (Cl-), with RX 
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= 0.181. By using Equation 2.15 with these ionic radii, MAPbI3 perovskite gives t = 
0.83 [5,113], indicating that it will not form a cubic structure. However, transitions 
between orthorhombic, tetragonal and cubic structures have been observed to 
occur on heating of the perovskite. For example, MAPbI3 transitions from 
orthorhombic to tetragonal at ~160 K, and from tetragonal to cubic at ~330 K 
[90,114]. Note that this is below the expected operating temperature of a solar cell, 
~350 K.  
2.4.3: Band Formation in Crystals 
As described in Section 2.3.2, when atoms are brought close enough together they 
form bonding and antibonding orbitals. However, when increasing numbers of 
atoms are brought together, the overlapping orbitals cannot exist with the same 
energy due to the Pauli Exclusion Principle. Therefore, small shifts in the energy of 
the orbitals occur. When the density of these states becomes great enough, such as 
exists in a crystal, the energy levels can be thought of as a continuous band of 
allowed energy states, rather than individual levels [115].  
2.4.4: Semiconducting Properties of Perovskites 
In order to describe the origin of semiconducting properties in perovskites, 
MAPbI3 will be used as an example. Perovskites are crystals and therefore have a 
conduction and valence band, as with inorganic semiconductors. The energies of 
these bands are determined primarily by the electronic structure of the metal 
cation and halide anion in the material. In MAPbI3, these are Pb and I. The outer 
electron shells of Pb has the structure 5d10, 6s2, 6p2, and the outer shells of I has 
the structure 4d10, 5s2, 5p5. However, these atoms exist as ions in the perovskite, 
Pb2+ and I-, altering the electronic structures to 5d10, 6s2, 6p0, and 4d10, 5s2, 5p6 
respectively. The empty 6p orbital in the Pb ion forms the conduction band of the 
perovskite, whilst the valence band is an antibonding orbital resulting from the 
hybridisation of the Pb 6s and I 5p states, giving the perovskite its semiconducting 
properties [106,116,117].  
The organic cation, MA+, has been found to not significantly affect the energies of 
the conduction and valence band as the HOMO lies deeper than the valence band 
and the LUMO lies significantly above the conduction band, instead it acts 
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primarily as a charge compensator [106]. However, interactions between the MA+ 
and PbI6 octahedra can significantly affect the nature of the band gap. The size and 
shape of MA+ mean that in certain orientations it exerts strain on the PbI6 
octahedra. This strain changes the band gap from direct to indirect by the creation 
of a state ~25 meV lower than the direct transition, as shown in Figure 2.24 [118]. 
At room temperature the organic cation rotates rapidly [119], meaning that the 
band gap is constantly switching between direct and indirect transitions and vice 
versa. It is this switching of band gap from direct to indirect which provides 
organic-inorganic halide perovskites with their remarkable properties; the direct 
band gap giving the perovskite strong absorption characteristics, while the indirect 
band gap results in long charge carrier lifetimes.  
 
Figure 2.24: CH3NH3PbI3 band structure for two different orientations of the 
organic cation, predicted by density functional theory calculations. Taken from 
Motta et al. [118] 
2.4.5: Photocurrent Generation in Perovskite Solar Cells 
The generation of photocurrent in a MAPbI3 perovskite solar cell (PSC) is much 
simpler than occurs in OPVs. When a photon is absorbed by the perovskite, an 
exciton is formed, however, unlike in OPVs, this is a Wannier-Mott exciton. Initially, 
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these excitons were thought to have EB in the region of ~35 – 50 meV [120,121], 
which, whilst lower than that of organic semiconductors (~300 meV), is still higher 
than ambient thermal energy (~27 meV). However, more recently it has been 
found that EB is in the region of ~2 – 16 meV [122,123], allowing for thermal 
dissociation into free charge carriers on the order of picoseconds [124], without 
the need for interfaces to facilitate the process.  
As with OPVs, once the exciton is dissociated, the charge carriers must be 
transported to the electrodes for extraction. In perovskites, charges are 
transported via energy bands as with inorganic semiconductors, rather than 
through the hopping process that occurs in organic semiconductors [125]. Here, 
the built-in or applied electric field cause the conduction band minimum and 
valence band maximum to tilt, creating a gradient of energy levels. This gradient 
reduces the energy of the bands at the cathode, and increased energy at the anode, 
making it energetically favourable for charge carriers to be transported to the 
appropriate electrode. This leads to charge mobilities on the order of 10 cm2/Vs 
[124,126], significantly greater than seen in organics (10-3 cm2/Vs). Due to this 
high mobility, and rapid exciton dissociation, perovskites have low geminate 
recombination rates. These high mobilities, along with the long carrier lifetimes 
resulting from the indirect band gap, also lead to large values of Ldrift, reaching over 
1000 nm in CH3NH3PbI3-xClx perovskites [127], allowing the fabrication of 
significantly thicker photoactive layers than are practical in OPVs. MAPbI3 
perovskites have also been observed to have ambipolar charge transport 
properties, exhibiting similar mobilities for both electrons and holes [127,128]. 
This prevents the build-up of space charge within the layer, which would 
otherwise increase non-geminate recombination rates, reducing device 
performance. 
2.4.6: Hysteresis in Perovskite Solar Cells 
During J-V measurements, PSCs have been observed to display hysteresis. 
Hysteresis is observed when a device displays different performances depending 
on the direction of the voltage scan (i.e. short circuit to forward bias, ‘forward’ 
scan, or forward bias to short circuit, ‘reverse’ scan). The magnitude of the 
hysteresis is affected by the scan rate, with moderate scan rates exhibiting the 
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highest levels of hysteresis [129]. This difference primarily affects the FF of a 
device, with reverse scans typically showing improved FF over forward scans 
when hysteresis is present. There is currently no consensus on the mechanism 
behind the hysteresis, but there are three mechanisms that have been proposed 
that could be the cause, either independently or concurrently. 
Firstly, trap states near the interface could be responsible. These are expected to 
fill under forward bias, improving contact with the charge extraction layers and 
boosting performance by improving extraction efficiency. Under short circuit 
conditions the traps would empty by transferring directly to the extraction layers, 
reducing the performance of the device until they were filled again [129,130]. 
Secondly, organometallic halide perovskites have displayed ferroelectric 
properties. Therefore, the organic cation may align with the applied electric field, 
causing distortions to the inorganic octahedra and altering the band structure of 
the perovskite [131,132]. 
Thirdly, free ions within the perovskite layer may accumulate at the interfaces 
when an electric field is applied. This would cause band bending at the interfaces, 
changing the energetic barriers between the layers and improving or hindering 
charge extraction [133–135].  
Recently, it has been shown that a combination of ion migration and interfacial 
recombination are required for hysteresis to occur [136]. The authors report that 
the electric field across the device during a forward scan drives charge carriers 
away from their electrodes, causing a build-up of minority charge carriers at the 
contact interfaces. The recombination rate at the contact interfaces then affects the 
charge collection efficiency of the device. With a high recombination rate, the 
efficiency of charge collection is reduced, and with a low recombination rate, the 
collection efficiency is improved by the build-up of charge carriers. 
Regardless of the mechanism, it is agreed that it is slow, occurring over time scales 
of seconds [135,137]. This explains the scan rate-dependence of the hysteresis 
displaying the highest levels at moderate scan rates. At very low scan rates the 
system is able to enter a quasi-stable state before the current is measured and the 
applied field is changed, and at high scan rates the scan is able to complete before 
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the mechanism influences the device. At the intermediate scan rates, however, the 
mechanism is active with the measurement being taken before a stable state is 
reached, therefore the previous applied bias will affect subsequent measurements.  
In order to determine the real PCE of a PSC that exhibits a large degree of 
hysteresis, measuring the stabilised power output measurements has been 
suggested [129,138]. Here the device is held at the maximum power point under 
AM1.5 illumination for an extended period, usually 10s to 100s of seconds, whilst 
the current is measured. This enables measurement of the photocurrent and PCE 
free from the influence of J-V curve scan rate and direction, as dynamic processes 
are allowed to reach equilibrium. 
2.4.7: Perovskite Lifetime and Degradation 
As mentioned in Section 2.4.1, perovskite solar cells now boast PCEs of over 20%. 
This is comparable to commercial silicon solar cells, making it important to 
investigate the stability of such devices whilst under operation and to understand 
possible degradation mechanics. This section reviews the current work that has 
been done in this area and discusses the sources and mechanisms of the 
degradation seen. 
The best test for the stability of a perovskite solar cell is that of operational 
lifetime. This involves subjecting the completed device to continuous AM1.5 
illumination in ambient conditions, performing J-V sweeps regularly and holding 
the device at either the maximum power point (MP) or open circuit (OC) between 
measurements. 
Standard Architecture 
The most frequently used architecture for stability studies of perovskite solar cells 
is the standard architecture given in Section 2.4.1, and the devices in the studies 
referenced in this section use the structure: FTO/compact TiO2 (C-
TiO2)/mesoporous TiO2 (MP-TiO2)/Perovskite/Spiro-OMeTAD/Au unless 
otherwise specified. 
Leijtens et al. [110] performed 2 different stability tests, with each test using a 
different structure. Firstly, a short test with 5 hours of continuous illumination to 
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determine the effects of encapsulation and UV light on CH3NH3PbI3-xClx perovskite 
devices. The devices were encapsulated using a glass coverslip attached with a UV-
cured epoxy. Interestingly, encapsulated devices suffered near complete failure 
within this time, whilst unencapsulated device efficiencies were only reduced by 
50%. In both cases this was due to losses in the Jsc of the devices. A third set of 
devices contained encapsulated devices which also had a UV filter; these were 
found to only lose 15% of their PCE, this time as a result of Jsc and FF losses. Due to 
similar losses in photocurrent seen by the authors in DSSCs, and there being no 
change in UV-vis spectra, the losses were not ascribed to degradation of the 
perovskite. The second investigation studied 1,000 hours of continuous 
illumination of FTO/C-TiO2/MP-Al2O3/CH3NH3PbI3-xClx/Spiro-OMeTAD/Au devices 
which were encapsulated in a N2 glove box. These devices were tested every 15 
minutes and held at OC between measurements. Here it was observed that the 
devices lost approximately 45% of their initial PCE (11% down to 6%) in the first 
200 hours of the test, caused by reductions in the FF and Voc, after which no more 
losses were observed. The authors speculate that the perovskite itself was not the 
primary source of degradation as only small changes in the Jsc were observed. 
Building on this, Guarnera et al. [139] used the same FTO/C-TiO2/MP-
Al2O3/CH3NH3PbI3-xClx/Spiro-OMeTAD/Au structure but with a buffer layer of 
Al2O3 nanoparticles between the perovskite and the Spiro-OMeTAD layer. Devices 
both with and without the buffer layer were subjected to 350 hours of continuous 
100 mW.cm-2 illumination, whilst being held at OC. As with the previous study, the 
devices without the buffer layer degraded over the first 200 hours to 
approximately 50% of the initial PCE. However, the devices with the buffer layer 
were reduced to 95% of the initial PCE after 350 hours. The improved stability was 
attributed to the buffer layer preventing the migration of metal atoms into the 
perovskite layer so that current shunts cannot form. 
Burschka et al. [140] conducted a similar study, using MAPbI3 perovskite solar 
cells in the standard architecture. Here they subjected a device, which had been 
encapsulated whilst under argon, to 500 hours of continuous illumination with an 
intensity of ∼100 mW.cm-2. The authors did not discuss the method of 
encapsulation. White light LEDs were used as the light source, with devices not 
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exposed to UV light during the test. The device was tested every 2 hours and was 
held at MP between measurements. Over the 500 hour period the device decayed 
linearly to approximately 80% of the initial PCE, due to a decrease in the FF and 
Voc.  
To determine the effects of encapsulation on standard architecture MAPbI3 
perovskite solar cells (using Ag instead of Au for the anode), Han et al. [141] sealed 
devices using two different methods. The first method involved covering the 
device in a UV-curable epoxy to which a glass cover slip was attached. The second 
method used a glass cover slip that was attached with a UV-curable epoxy at the 
edges of the device, with the encapsulation not in contact with the active area of 
the device. The glass cover slip also contained a recess containing a desiccant, 
intended to absorb moisture that leaked through the epoxy. Devices were 
subjected to continuous illumination of approximately 1 sun at 85°C and 80% RH 
for 80 hours. It was found that devices encapsulated using the first method 
decayed faster (within 20 hours) than those sealed using the second method, 
which were still working after the test (albeit at 10% of the original PCE, reached 
after 50 hours). The authors also conducted a study on the effect of temperature 
and humidity on the stability of PSCs encapsulated using the encapsulation 
utilising epoxy over the whole device area. As temperature and humidity were 
reduced, the devices became more stable, with devices tested at low temperature 
and humidity maintaining >90% of the initial PCE. In order to determine the 
mechanisms behind the degradation, the authors used cross-sectional FIB-SEM 
and XRD. These techniques showed that moisture caused the perovskite to 
decompose, resulting in the creation of PbI2, visibly changing the film from brown 
to yellow. The gaseous products of this decomposition caused corrosion of the Ag 
and the formation of voids in the Spiro-OMeTAD and perovskite layers. 
Furthermore the perovskite layer was found to delaminate from the TiO2 layer. 
Ito et al. [142] subjected unencapsulated standard architecture MAPbI3 devices to 
12 hours of continuous AM1.5 illumination. After 5 hours the devices had almost 
completely degraded, with absorbance and XRD measurements showing that the 
perovskite had decomposed into PbI2. The authors propose that the degradation is 
driven by the electron extraction of the TiO2. Due to the anionic nature of the 
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iodide (I-) in the perovskite crystal, it is possible for the TiO2 to extract the 
electrons from the iodide creating I2. This results in the perovskite crystal being 
deconstructed, and the remaining CH3NH3+ in the film degrading into CH3NH2 and 
H+. The I2 can then react with the H+ to form HI, which is emitted, along with the 
CH3NH2 to leave a PbI2 film. In order to counter this problem, the authors added a 
layer of Sb2S3 between the two layers, which prevented the reaction of the iodide 
with TiO2 and significantly increased the lifetime of the devices 
Other groups have performed ‘shelf-life’ stability experiments, where the devices 
have been tested over a period of time, but not exposed to continuous illumination 
between the measurements. Whilst this is not as useful as operational lifetime 
tests, it can be used to determine other factors that can affect the stability of a 
device, such as temperature or humidity, or to determine relative stabilities of 
different material systems. Noh et al. [84] used this type of study to compare the 
effect of humidity on unencapsulated MAPb(I1-xBrx)3 devices (standard 
architecture) with varying quantities of Br. Devices were stored in air at room 
temperature with the humidity controlled and maintained at 35%. The humidity 
was increased to 55% for one day, resulting in significant PCE losses in the devices 
with very little or no Br (x = 0, 0.06), but no change devices with higher quantities 
(x = 0.20, 0.29, approximately 2:1 ratio of I:Br). The authors speculate that the 
improved stability is a result of reduced lattice constants brought about by the 
smaller size of Br atoms than I atoms. Another study also investigated using 
MAPbIxBr3-x with varying x, however, this time the intention was to remove the 
hole transport layer (HTL) from the device [143]. Unencapsulated devices were 
stored in ambient conditions for 80 days (1,920 hours) to compare the stability of 
different ratios of I to Br. Again, it was found that having approximate 2:1 ratio of 
I:Br provides greater stability, with these devices showing no degradation of PCE 
over the test. 
Several reports have investigated various replacements for the commonly used 
Spiro-OMeTAD HTL in unencapsulated standard architecture MAPbI3/CH3NH3PbI3-
xClx devices. The replacements include tetrathiafulvalene (TTF-1) [144], poly [N-9-
hepta-decanyl-2,7-carbazole-alt-3,6-bis-(thiophene-5-yl)-2,5-dioctyl-2,5-di-
hydropyrrolo[3,4-]pyrrole-1,4-dione] (PCBTDPP) [145] and DR3TBDTT [146] (full 
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name not provided). The tests lasted for 500, 900 and 312 hours respectively, with 
the TTF-1 devices stored in ambient conditions between measurements and the 
other kept in the dark. In all cases, the alternative ETL improved the stability of the 
devices over Spiro-OMeTAD tested using the same conditions. Another group 
replaced the TiO2 electron transport layer (ETL) with a ZnO nanorod array [147]. 
The devices were stored in ambient conditions without encapsulation and tested 
several times over 500 hours. Over this period, the PCE of devices increased from 
∼4% to 5% over the first 30 hours, before decreasing linearly to 4.35% by the end 
of the study. 
Alternatives to the commonly used MAPbI3 perovskite have also been investigated. 
Lee et al. [98] investigated the stability of HC(NH2)2PbI3 (FAPbI) and FA0.9Cs0.1PbI3 
based solar cells using the standard architecture, without the mesoporous TiO2 
layer. Devices encapsulated with UV-cured epoxy were subjected to 220 hours of 
continuous 100 mW.cm-2 illumination, with relative humidity <50% and <65°C. At 
the end of the test the PCE of both devices retained 70% of the initial PCE. 
However, when unencapsulated devices were subjected to a similar test, this time 
for only 1 hour, the FA0.9Cs0.1PbI3 devices were found to be more stable than the 
FAPbI devices. The improved stability was thought to result from a reduction of HI 
generation by the CsI, preventing the decomposition of the perovskite into PbI2. 
Recently, Saliba et al. [109] demonstrated perovskite devices based on the 
composition Cs5(MA0.17FA0.83)95Pb(I0.83Br0.17)3 having remarkably improved 
stability when held in a nitrogen atmosphere. On illumination, it was found that the 
PCE decreased by approximately 10% over an initial 250 hour period, before then 
decaying with a half-life of ~5,000 hours. 
Inverted Architecture 
Fewer studies have been performed on devices that employ the inverted 
architecture. Xie et al. [148] investigated the stability of devices with a structure of 
ITO/PEDOT:PSS/MAPbI3 Perovskite/PCBM/PFN-Br/Ag, both with and without 
2CH3NH3Cl (MACl) residue, a by-product of the conversion of the precursor into 
perovskite. The devices were illuminated over 10 hours with PCE measurements 
taken every hour. After 2 hours of illumination the devices with the MACl residue 
had completely degraded, whereas those without the residue remained consistent 
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throughout the test. The authors attribute this difference to the MACl absorbing 
water from the air, facilitating the decomposition of the perovskite. Indeed they 
observed the film changing from brown to yellow, indicative of the formation of 
PbI2.  
Interestingly, stability of MAPbI3 perovskite has shown to be increased by 
changing the method with which it is deposited. Kim et al. [87] fabricated inverted 
architecture devices using both spin coating and blade coating before storing them 
in air without encapsulation for 268 hours. Spin coated devices degraded 
completely within 125 hours, with XRD measurements showing complete 
conversion of the perovskite into PbI2. Blade-coated devices showed much greater 
stability, with PCE reducing by approximately 5% over the entire testing period. 
This improved stability originated from improved surface coverage, a denser film 
and the formation of large crystalline domains resulting from slower film drying 
times. These factors serve to reduce the diffusion of moisture and oxygen into the 
film, significantly slowing down the decomposition of the perovskite. This result 
also serves to illustrate that the final structure of the perovskite film very 
important to the stability of a PSC. 
As with the standard architecture devices, attempts to improve stability through 
the replacement of the ETL, in this case replacing PEDOT:PSS with copper doped 
nickel oxide (Cu:NiOx) [149]. MAPbI3 perovskite devices, using the structure 
ITO/ETL/MAPbI3 Perovskite/PCBM/C60-bis/Ag were stored in air without 
encapsulation for 240 hours and tested periodically. Devices utilising the Cu:NiOx 
layer were observed to lose less than 10% of the initial PCE over this time, 
whereas the PCE of those using PEDOT:PSS were reduced by approximately 70%. 
These losses originated from a reduction of the FF and, to a less extent, the Jsc. The 
acidic and hygroscopic nature of PEDOT:PSS was speculated to be the cause of this 
instability, providing a source of moisture for the perovskite to react with.  
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Perovskite Degradation Mechanisms  
The most commonly claimed mechanism behind MAPbI3 perovskite device 
degradation is moisture induced decomposition of the perovskite 
[84,87,141,142,146,150]. Frost et al. [106] propose the following decomposition 
pathway for MAPbI3 perovskite: 
[(𝐶𝐻3𝑁𝐻3
+)𝑃𝑏𝐼3]𝑛 + 𝐻2𝑂 ⇋ [(𝐶𝐻3𝑁𝐻3
+)
𝑛−1
(𝐶𝐻3𝑁𝐻2)𝑛(𝑃𝑏𝐼3)𝑛] [𝐻3𝑂
+] + 𝐶𝐻3𝑁𝐻2 
[(𝐶𝐻3𝑁𝐻3
+)
𝑛−1
(𝑃𝑏𝐼3)𝑛] [𝐻3𝑂
+] ⇋ 𝐻𝐼 + 𝑃𝑏𝐼2 + [(𝐶𝐻3𝑁𝐻3
+)𝑃𝑏𝐼3]𝑛−1 + 𝐻2𝑂 
 
Figure 2.25: Decomposition pathway of MAPbI3 perovskite proposed by Frost et al. 
[106] 
The products of this decomposition are HI, CH3NH2 and PbI2. As the HI is soluble in 
water, and the CH3NH2 is volatile, the perovskite film will fully convert into a PbI2 
film in the presence of sufficient water. This film is readily identified by its 
characteristic yellow colour, and has been observed experimentally in several 
reports [84,87,141,142,146,148]. Furthermore, interactions between the 
degradation products and other layers in the device can lead to additional 
degradation, such as corrosion of the metal electrode and the formation of voids, 
leading to delamination [141].  
Oxygen has also been found to cause decomposition of perovskites when under 
illumination. Pearson et al. [151] and Bryant et al. [152] have both investigated the 
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effects of oxygen on CH3NH3PbI3-xClx and CH3NH3PbI3 respectively, in both cases 
using standard architecture devices with a mesoporous TiO2 ETL. As with the 
moisture induced degradation, oxygen is found to cause the perovskite to 
decompose into PbI2. However, this occurs more rapidly than with moisture, 
making it the dominant degradation mechanism in unencapsulated devices under 
illumination. The proposed decay pathway has been reported by Aristidou et al. 
[108]: 
𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 + 𝑂2
•− ⟶ 𝐶𝐻3𝑁𝐻2 + 𝑃𝑏𝐼2 + 𝐼2 + 𝐻2𝑂 
Here, the superoxide (𝑂2
•−) is generated by electron transfer from the photoexcited 
perovskite, which then attacks the perovskite leading to its decomposition. It is 
important to note that only one of the decay products differs between water and 
oxygen induced decomposition, being hydroiodic acid and iodine respectively. 
2.5: Summary 
In this section, the background and theory of both organic and perovskite solar 
cells has been covered. Section 2.1 gave a brief introduction to photovoltaics and 
Section 2.2 covered the characterisation of photovoltaic devices. The information 
in these two Sections is relevant to all the following chapters in this thesis. 
In Section 2.3, a brief history and overview of research of organic photovoltaics 
was given. This was followed by the origin of semiconducting properties in organic 
materials, the operational principles of organic solar cells, and an overview of 
degradation mechanisms. This information is relevant to Chapter 4, where organic 
photovoltaic devices containing differing levels of impurities are compared. 
In Section 2.4, a brief history and overview of research of perovskite solar cells was 
given. This was followed by the crystal structure and the origin of semiconducting 
properties in perovskites. Finally, the operational principles of perovskite solar 
cells, the origin of hysteresis when testing devices, and an overview of degradation 
mechanisms were explored. This information is relevant to Chapters 5, 6, and 7, 
where various lifetime studies of perovskite solar cells are presented. 
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Chapter 3 
Experimental Methods 
 
 
 
 
3.0: Introduction 
This chapter describes the various experimental procedures used in this thesis to 
prepare and characterise polymers, organic photovoltaic (OPV) devices and 
perovskite solar cells (PSCs). The fabrication techniques used for devices are 
described in Section 3.1, with solution preparation and device fabrication 
described in Section 3.2 and 3.3 for OPVs and PSCs respectively. Device and 
polymer characterisation are described in Section 3.4 and 3.5 respectively. The 
various experimental techniques used are covered in Sections 3.6 and 3.7. The 
development of a laser beam induced current (LBIC) mapping system is given in 
Section 3.8. Finally, Section 3.9 discusses where these techniques have been used 
in this thesis. 
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3.1: Device Fabrication Techniques 
3.1.1: Spin Coating 
Spin coating was used to form the majority of the thin films explored in this thesis. 
Spin coating is the process of creating a film by depositing a droplet (25-50 μl) of 
solution on a rapidly rotating substrate. The centrifugal forces spread the droplet 
uniformly over the substrate and removes any excess solution. The solvent then 
evaporates whilst the substrate is still rotating, leaving the solute as a relatively 
smooth and uniform film. The resultant thickness of a spin coated film is 
proportional to the inverse of the spin speed as show in Equation 3.1 [1,2]: 
 
𝑡 ∝
1
√𝜔
 (3.1) 
Here, t is the final film thickness, and ω is the spin speed. This relationship can be 
used to calculate the spin speed required for a desired thickness from a known 
spin speed and thickness if the same solution is used in both cases, as other factors 
that influence the film thickness, such as the material concentration, solvent 
evaporation rate, and solvent viscosity, should remain constant. This new 
relationship is given in Equation 3.2:  
 
𝜔𝐷 = 𝜔𝑅 (
𝑡𝑅
𝑡𝐷
)
2
 (3.2) 
Here, tR and tD are the reference and desired film thickness respectively, and ωR 
and ωD are the reference and desired spin speed. By spin casting test films at 
known spin speeds and measuring their thickness, Equation 3.2 allows for ease of 
achieving a desired film thickness by using these values to calculate the spin speed 
required.  
Spin coating has a major disadvantage in its scalability, being able to only cast onto 
a single substrate at a time limits the throughput of the method. Furthermore, it is 
a particularly wasteful technique, as most of the deposited solution is removed 
during spin coating [2].  
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3.1.2: Ultrasonic Spray Coating 
Spray coating is an alternative technique to spin coating for depositing solution 
processable materials. The advantages of using spray coating over spin coating 
include compatibility with roll-to-roll processing and ease of scaling up to large 
area deposition. Ultrasonic spray coating is a variety of spray coating that utilises a 
tip vibrating at ultrasonic frequency (35 kHz) to dispense solution. This atomises 
the solution that is fed onto it and creating a fine mist. A flow of air is used to 
planarise the mist into a sheet which is passed over the substrate to deposit a film. 
The thickness of this film is controlled by changing the height and speed at which 
the spray is deposited. If the solution wets to the substrate, it spreads across the 
surface before the solvent evaporates and leaves behind a film with good surface 
coverage. However, if the solution has poor wettability then it will form into 
separate droplets across the substrate, resulting in poor surface coverage. This can 
be controlled in several ways. Firstly, solvent choice is very important; if the 
boiling point of the solvent being used is too low, it can evaporate before reaching 
the substrate, if the surface tension is too high, then it may not completely wet the 
substrate [3–5]. Secondly, additives can be used, which can change the wettability 
of a solution by altering its properties, such as viscosity or boiling point [6,7]. 
Thirdly, the choice of surface being sprayed onto will affect the wettability, due to 
roughness and surface energy. The thickness of a spray cast film is determined by 
the solution concentration, wettability, and evaporation rate. 
3.2: Organic Photovoltaic Device Fabrication 
3.2.1: Materials and Solution Preparation 
Both donor polymers used in this thesis were synthesised by Hunan Yi in the 
Department of Chemistry, University of Sheffield. The fullerene PC70BM (dry 
powder, 95% pure) was used as supplied by Ossila Ltd. The chemical structures 
and full names for the polymers used, PCDTBT and PFD2TBT-8, are shown in 
Figure 3.1, along with PC70BM. PEDOT:PSS (poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate) used as a hole transport layer was supplied by Ossila Ltd. as 
a 1.3 – 1.7 wt% suspension in water. 
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To prepare polymer solutions, the materials were added as dry powder to a 4 ml 
vial at a concentration of 5 mg/ml and dissolved in the appropriate solvent. Here 
chlorobenzene (CB) was used for PCDTBT and chloroform (CF) for PFD2TBT-8. 
The solutions were placed on a hotplate at 70°C overnight to aid dissolution. The 
solution was then added to another vial containing PC70BM at a concentration of 
20 mg/ml to create a polymer:fullerene blend solution with a total concentration 
of 25 mg/ml. As before, the solution was placed on a hotplate at 70°C overnight. 
This blend ratio of 1:4 polymer to fullerene was used as it was determined to the 
optimum, enabling the formation of an efficient bulk heterojunction with pathways 
of polymer and fullerene leading to the appropriate transport layers. The materials 
were all measured in ambient condition using a calibrated microbalance before 
being transferred to a glove box to add the solvent. CB and CF were supplied by 
Sigma-Aldrich, were anhydrous and were greater than 99% pure. All vials used 
were borosilicate amber glass to minimise photodegradation of the solvents. For 
single carrier devices, solutions at twice the concentration were prepared in order 
to achieve a thicker film. 
In Chapter 4, the effects of palladium content of the polymers on device 
performance and lifetime is studied. To achieve this each polymer was split into 3 
batches after synthesis. The first batch was put through a cleaning procedure to 
remove Pd and produce a ‘clean’ polymer. The second batch had the Pd content 
increased through a pollution procedure to produce a ‘dirty’ polymer. The final 
batch was not subjected to any additional procedure to provide a polymer with 
intermediate Pd content. The specifics of the cleaning and pollution procedures are 
covered in detail in Chapter 4. 
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PCDTBT 
Poly[N-9’-heptadcanyl-2,7-carbozole-alt-5,5-(4’,7’-di-2-thenyl-2’,1’,3’-
benzothiadiazole)] 
 
PFD2TBT-8 
poly[9,9-dioctylfluorene-4,7-alt-(5,6-bis(octyloxy)-4,7-di(2,2′-bithiophen-5-
yl)benzo[c][1,2,5]thiadiazole)-5,5-diyl] 
 
PC70BM 
[6,6]-phenyl-C71-butyric acid methyl ester 
 
Figure 3.1:  Chemical structures of PCDTBT, PFD2TBT-8 and PC70BM. 
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3.2.2: Device Architecture 
For all organic photovoltaic (OPV) devices used in this thesis, the standard 
architecture was used, as described in Chapter 2 and shown in Figure 3.2. This 
architecture utilises the transparent front contacts the anode and a reflective rear 
contact as the cathode, positioned either side of the active layer. Additionally, 
charge transport layers were situated between the electrodes and the active layer 
to facilitate charge extraction by improving energy level alignment within the 
device. The active polymer-fullerene layer formed a bulk heterojunction (BHJ). 
Here, the polymer and fullerene were deposited from the same solution, creating 
an interpenetrating network of polymer-rich and fullerene-rich regions. This 
greatly increased the interface area between the two materials, significantly 
increasing the likelihood that an exciton was generated within 10 nm (the exciton 
diffusion length) of the interface. Consequently, OPV devices that employ the BHJ 
often have internal quantum efficiencies approaching unity [8]. The materials and 
thicknesses for each layer of the OPV devices used in this thesis are given in Table 
3.1. 
 
Figure 3.2:  Schematic diagram of the OPV device architecture used in this thesis.  
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Layer Material Thickness  
(nm) 
Anode Indium tin oxide (ITO) 100 
HTL PEDOT:PSS 30 – 40 
HTL Molybdenum Oxide (MoO3) 9.5 – 10.5 
Active PCDTBT:PC70BM BHJ 70 – 75 
Active PFD2TBT-8:PC70BM BHJ 70 – 75 
ETL Calcium 4.5 – 5.5 
Cathode Aluminium 95 – 105 
 
Table 3.1: Materials used and thickness for each layer of the OPV devices in this 
thesis. 
3.2.3: Device Fabrication 
OPV devices were fabricated on 15x20 mm glass substrates with a 100 nm pre-
patterned layer of ITO as shown in Figure 3.3(a). Before use, the substrates were 
cleaned to remove dust or contaminations from the surface. To do this, the 
substrates were loaded in a rack and sonicated in hot 5% Hellmanex solution, hot 
deionised (DI) water and finally in iso-propan-2-ol (IPA) for 5 minutes each. 
Between each sonication the substrates were dump rinsed in hot DI water, and 
after the final sonication substrates were rinsed with IPA and dried with a nitrogen 
gun. 
Once cleaned and dried, a hole transport layer (HTL) was deposited onto the 
substrate. This layer was either a thermally evaporated 10 nm layer of 
molybdenum oxide (MoO3) or a 30 – 40 nm spin cast layer of PEDOT:PSS (Ossila 
M124). To deposit MoO3, the substrates were transferred into a nitrogen filled 
glove box, loaded into a shadow mask and placed in vacuum chamber. The vacuum 
chamber was pumped down to a pressure of ∼10-7 mbar before the evaporation 
was performed. The MoO3 was thermally evaporated at a rate of ∼0.3 Å/s, during 
which the substrates were rotated to achieve more uniform surface coverage. After 
10 nm of MoO3 had been deposited, the system was left to cool for short time 
before the substrates were removed. To deposit PEDOT:PSS, it was added to a 
syringe with a PVDF filter before being spin coated at 5000 rpm for 30 seconds. 
The layer was removed from the edges of the substrate using DI water, as shown in 
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Figure 3.3(b) and placed on a hotplate at 125°C for 10 minutes to remove moisture 
from the film. 
 
Figure 3.3:  OPV device structure used and areas covered by each layer. The area 
highlighted in green in part (d) shows the active area of each device (2 x 2 mm). 
The next layer to be deposited was the active layer of the solar cell. This was 
performed in a nitrogen filled glove box. Both PCDTBT and PFD2TBT-8 devices 
were spin cast to give a 70 nm layer, using spin speeds of 1200 rpm and 2500 rpm 
respectively (checked using a surface profilometer). The films were removed from 
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the edges of the substrate using CB, in the same manner as the PEDOT:PSS, as 
shown in Figure 3.3(c).  
The electron transport layer (ETL) and cathode were deposited using thermal 
evaporation. This was performed in a vacuum chamber at a pressure of ∼10-7 
mbar. The ETL was a 5 nm layer of Ca and the cathode was a 100 nm layer of Al, 
deposited at rates of ∼0.2 Å/s and 1.0 – 1.5 Å/s respectively. A cooling period of 5 
– 10 mins was included after each evaporation. A shadow mask was used to define 
the areas on which the layers were deposited and the substrates were rotated for 
the duration of the deposition. 
Finally, the devices were removed from the vacuum chamber and encapsulated. 
This was done by applying a drop of UV-curable epoxy to the device and placing a 
12x15 mm glass coverslip as shown in Figure 3.3(e). The device was placed in a UV 
box for 30 minutes to cure the epoxy. 
Hole-only devices were fabricated using the same procedure as the photovoltaic 
devices, however the Ca/Al cathode was replaced with a 70 nm layer of Au. This 
was deposited via thermal evaporation at a pressure of ~10-7 mbar, at a rate of 1.2 
Å/s. Electron-only devices utilised a Ca/Al cathode, together with a 10 nm layer of 
caesium carbonate instead of PEDOT:PSS, deposited by spin-coating. For both of 
these a 150 – 200 nm thick active layer was used to ensure that sufficient space 
charge could build up to limit current flow. If the layer is too thin, then carriers can 
escape through the collection electrode before space charge can accumulate, 
preventing the current from becoming dependant on charge carrier mobility.  
3.3: Perovskite Solar Cell Fabrication 
3.3.1: Materials and Solution Preparation 
The perovskite precursor ink used in this thesis was a mixture of PbCl2 (99.999% 
pure), and methylammonium iodide (MAI, >99% pure) with a molar ratio of 1:3, 
dissolved in anhydrous dimethylformamide (DMF, 99.8% pure). This precursor 
was formulated to be spin-cast and annealed in air. PC70BM solutions, used as an 
electron extracting material, were prepared at a concentration of 50 mg/ml, 
dissolved in CB, and heated at 70°C overnight. 
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3.3.2: Device Architecture 
The architecture used for perovskite solar cells (PSCs) was similar to that of the 
OPVs. The perovskite active layer was deposited between a transparent anode and 
reflective cathode. This is the inverted architecture as described in Chapter 2 and 
shown in Figure 3.4. As with OPVs, charge transport layers were employed 
between the electrodes and the perovskite to improve the energy level alignment 
of the system. Additionally, a layer of PC70BM was employed between the ETL and 
perovskite layer to further improve energy level alignment (i.e. an additional ETL, 
see Figure 2.21) and also planarise the surface due to the roughness of the 
perovskite. The materials and thicknesses for each layer of the PSCs used in this 
thesis are given in Table 3.2. 
 
Figure 3.4:  Schematic diagram of the PSC device architecture used in this thesis. 
Layer Material Thickness 
(nm) 
Anode Indium tin oxide (ITO) 100 
HTL PEDOT:PSS 30 – 40 
Active CH3NH3PbI3-xClx Perovskite 350 – 500 
ETL 1 PC70BM 130 – 150 
ETL 2 Lithium Fluoride 1.9 – 2.1 
ETL 2 Calcium 4.5 – 5.5 
Cathode Aluminium 95 – 105 
 
Table 3.2: Materials used and thickness for each layer of the PSCs in this thesis. 
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3.3.3: Device Fabrication 
PSCs were fabricated on the same substrates and used the same cleaning 
procedure as OPV devices. A 30 – 40 nm layer of PEDOT:PSS was used as the HTL, 
which was deposited in the same manner as with OPV devices, except without 
being removed from the substrate edges at this stage.  
 
Figure 3.5:  PSC device structure used and areas covered by each layer. The area 
highlighted in green in part (e) shows the active area of each device (2 x 2 mm). 
The perovskite precursor was spin coated from solutions heated to 70°C and onto 
substrates heated to 90°C, creating 350 – 500 nm thick films. Both the solution and 
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substrate were heated on hot plates prior to deposition, so the actual temperatures 
during deposition were lower than those states. The films were then annealed at 
90°C for 90 minutes to covert the precursor materials into a MAPI perovskite film. 
At the start of the anneal the perovskite and PEDOT:PSS films were removed from 
the substrate edges using DMF and a cotton bud whilst on a hotplate at 90°C. After 
annealing was complete, the substrates were removed from the hotplate and 
allowed to cool to room temperature. This was performed in a fume hood under 
yellow light. The perovskite films were transferred to a nitrogen filled glovebox 
before the next layer was deposited. PC70BM was spin coated at 1000 rpm for 30 s 
to give a 100 – 150 nm layer, and was removed from the substrate edges using CB 
as shown in Figure 3.5(d).  
The ETL and cathode were deposited via thermal evaporation performed under 
vacuum at a pressure of ∼10-7 mbar. Here, the ETL was either a 2 nm layer of 
lithium fluoride, deposited at a rate of ~0.1 Å/s, or a 5 nm layer of Ca, deposited at 
a rate of ~0.2 Å/s. The cathode deposition and device encapsulation were 
performed using the same method as for the OPVs.  
3.4: Device Characterisation 
3.4.1: Current Density-Voltage Measurements 
To perform power conversion efficiency (PCE) measurements, devices were 
mounted on a testing board and placed beneath a Newport 92251A-1000 AM1.5G 
solar simulator. The output light intensity of the solar simulator was adjusted to 
100 mW/cm2 using a calibrated silicon reference cell certified by the National 
Renewable Energy Laboratory (NREL). A shadow mask was used to define the 
active area of each device to 0.0256 cm2. Measurements were performed using a 
computer controlled Keighley 237 source measure unit, recording the current 
response of the solar cell as a function of applied bias. PCE measurements of OPVs 
were performed from -1 to 1 V in steps of 0.01 V. For PSCs the measurements were 
performed first from -1 to 1 V, then 1 to -1 V at a rate of 0.4 V/s. The PSCs were 
then light-soaked for 20 minutes before the J-V sweeps were repeated. Space 
charge limited current measurements were performed in the dark from -1 to 15 V 
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in steps of 0.01 V. When reporting average values, the top 75% of devices, not 
including dead devices, were used for the calculation. 
3.4.2: External Quantum Efficiency 
 
Figure 3.6:  Schematic diagram of EQE set-up. The filter is either IR blocking or a 
600 nm long pass filter, depending on the range of wavelengths being scanned. 
To perform external quantum efficiency (EQE) measurements light from a LOT 
Oriel LSB117/5 tungsten lamp was passed through a Spectral Products DK240 
monochromator, as shown in Figure 3.6. The light was focussed onto a reference 
silicon photodiode and the current response was measured using a Keighley 237 
source measure unit over the desired wavelength range. The measurement was 
then repeated using the device under test. The EQE was then calculated from the 
ratio of the device current to the reference current, and normalised to the quantum 
efficiency of the reference photodiode at each particular wavelength. 
3.4.3: Lifetime Testing 
Lifetime measurements were performed using an Atlas Suntest CPS+, shown in 
Figure 3.7, which utilises a 1500 W xenon lamp and coated quartz filters to 
approximate the AM1.5G solar spectrum. Up to 8 devices were mounted on a 
custom-built test board by attaching metal ‘legs’, and placed in the centre of the 
testing chamber. The chamber was designed such that it provided uniform 
irradiance, with the temperature maintained at 35°C. A Keighley 2400 source 
measure unit and a multiplexing unit built by Ossila Ltd. were used to measure the 
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J-V response of the solar cells. J-V scans were performed from -1 to 1 V at 0.1 V/s, 
and between measurements the devices were held at open circuit. Shadow masks 
were not used due to the design of the test board. Before measurements were 
performed, the system was calibrated using software provided by Atlas. The 
system was set to run for at least 30 minutes during which time the calibration 
equipment measured the temperature and irradiance every 10 seconds and 
compared them to the values set on the system. These values were then entered 
into the Suntest CPS+ to correct the output of the system. The system was first set 
up and calibrated by Edward Bovill, who characterised the light output of the Atlas 
Suntest CPS+, which can be found in reference [9]. Here, it can be seen that a 
spectral mismatch exists between the xenon lamp of the Atlas system and AM1.5 
solar spectrum, which is relatively small for 350 – 600 nm, but becomes greater at 
longer wavelengths. 
 
Figure 3.7:  Lifetime testing set-up with key components labelled. 
To determine the T80 lifetime of devices in this thesis a straight line was fit to the 
data, and the end time of the burn-in was increased until there was good 
agreement between the fit and the data, indicating that the linear decay region had 
been reached (see Section 2.3.6). From this data, and the straight line fit, the time 
taken for the device PCE to reach 80% of the value at the start of the linear section, 
the T80 lifetime, could be calculated. 
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3.5: Polymer Characterisation 
3.5.1: Inductively Coupled Plasma Mass Spectrometry and Optical 
Emission Spectrometry 
Inductively coupled plasma mass spectrometry (ICP-MS) and optical emission 
spectroscopy (ICP-OES) are high resolution elemental analysis techniques, able to 
detect elemental compositions in the parts per million (ppm) range. In both 
systems the sample was introduced as a liquid, which was then vaporised, 
atomised and ionised by an argon plasma torch. In ICP-MS, the ions are directed 
through a quadrupole mass filter to allow only ions with a single mass to charge 
(m/z) ratio to reach the mass spectrometer. In ICP-OES, the light emitted from the 
ionisation and recombination of the sample was used to determine elemental 
composition. Specific wavelengths are selected using a diffraction grating and 
detected by a CCD. The elemental concentration in the sample determines which 
technique is used, with ICP-MS used for concentrations <100 ppm, and ICP-OES 
used for concentrations >100 ppm. Analysis of polymer samples containing 
different Pd concentrations was done by Neil Bramall in the Department of 
Chemistry, University of Sheffield. 
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3.5.2: Cyclic Voltammetry 
 
Figure 3.8: Schematic diagram of the cyclic voltammetry set-up, highlighting the 
working (platinum), reference (Ag/Ag+), and counter (platinum foil) electrodes. A 
potentiostat and current-voltage converter were connected to the electrodes to 
perform the measurements. The electrolyte was tetrabutylammonium 
hexafluorophosphate solution in acetonitrile. 
As the HOMO and LUMO energy levels of a polymer are synonymous with the 
ionisation potential and electron affinity respectively, they can be estimated by 
measuring the reduction potential, Ered, and the oxidation potential, Eox. These are 
determined through cyclic voltammetry (CV). This is a system consisting of three 
electrodes: the working, reference and counter electrodes, suspended in an 
electrolyte as shown in Figure 3.8. The polymer is coated onto the working 
electrode and the current response between the working and counter electrodes is 
measured whilst a linearly varied voltage is applied to the working and reference 
electrodes. From the resultant data the oxidation potential, Eox, and reduction 
potential, Ered, can be extracted, and the energy of the HOMO and LUMO levels, 
EHOMO and ELUMO respectively, can then be calculated using the following equations 
(when using ferrocene as a reference) [10,11]: 
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 𝐸𝐻𝑂𝑀𝑂 = −𝑒[𝐸𝑜𝑥 + 4.4] (3.3) 
 𝐸𝐿𝑈𝑀𝑂 = −𝑒[𝐸𝑟𝑒𝑑 + 4.4] (3.4) 
CV measurements on polymers of interest were performed by Hunan Yi in the 
Department of Chemistry, University of Sheffield. 
3.5.3: Gel Permeation Chromatography 
 
Figure 3.9: Gel permeation chromatography set-up (a) when the polymer is 
introduced, and (b) after time has passed, with different molecular weight 
components separated. (c) Zoomed in view of the porous beads, showing smaller 
polymer chains caught in the pours, resulting in increased transit time, whilst 
larger polymer chains are unimpeded. 
The weight average and number average molecular weight (Mw and Mn 
respectively) of polymers were determined using gel permeation chromatography 
(GPC). As shown in Figure 3.9, the polymer is introduced into a column containing 
porous beads, and the time taken to traverse the column is determined by the 
molecular weight of the polymer. The shorter the polymer chain, the longer it will 
take to traverse the column due to increased interactions with the porous beads. 
Longer chains will pass through quicker due to fewer interactions. Once a polymer 
chain reached the end of the column a refractive index detector was used to record 
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the GPC curve, from which the Mw and Mn can be determined. GPC measurements 
on polymers of interest were performed by Hunan Yi in the Department of 
Chemistry, University of Sheffield. 
3.6: Microscopy 
3.6.1: Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is an imaging technique able to achieve very 
high resolution. A beam of electrons is focussed onto the surface of a sample and 
the resulting interactions can be used to form images. Inelastic scattering of the 
electrons results in the creation of secondary electrons emitted from the sample, 
which can be used to form images of a sample surface. This type of imaging is 
usually performed with a low energy electron beam. Elastic scattering of the 
electrons can be detected as backscattered electrons (BSE), which can form an 
image with greater penetration depth into the sample. Images created with BSE 
also have elemental contrast as the degree of scattering is dependent on the atomic 
number of the atom being imaged, with larger atomic numbers producing greater 
backscattered signal. This type of imaging is typically performed with higher 
energy electron beams.  
For both types of imaging, materials were spin cast onto silicon oxide substrates to 
form 150 nm layers. A conductive silver paint was applied to the edges of the films 
to provide grounding electrodes and prevent electrostatic accumulation. A FEI 
Nova NanoSEM 450 was used to perform the imaging. For the BSE imaging, a 5 kV 
beam with a working distance of 5 mm was used, and the electrons were detected 
using a solid-state concentric backscatter detector. SEM was performed by Robert 
Masters in the Department of Materials Science and Engineering, University of 
Sheffield. 
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3.6.2: Atomic Force Microscopy 
 
Figure 3.10: Schematic diagram of an atomic force microscope. In contact mode the 
tip is kept in contact with the surface whilst the sample is moved, whereas in 
tapping mode the tip is oscillated as indicated. 
Atomic force microscopy (AFM) is a surface profiling technique with nanometre 
resolution achieved through the use of a very fine tip (several nm in size) on the 
end of a cantilever. Whilst scanning in a raster pattern, the tip is either kept in 
direct contact with the sample, known as contact mode, or the cantilever is 
oscillated at high frequency with the tip making intermittent contact with the 
sample, known as tapping mode. In both cases the displacement of the cantilever is 
measured through the reflection of a laser from its surface onto a four-quadrant 
photodiode. AFM images in this thesis were formed using tapping mode to avoid 
damaging the samples. For tapping mode, the cantilever is oscillated at close to its 
resonant frequency, with the tip making contact at maximum displacement. When 
the relative height of the sample changes as the tip is moved the maximum 
amplitude of oscillation measured by the photodiode changes. An electronic 
feedback loop monitors this signal and changes the height of the cantilever to 
maintain a constant oscillation amplitude. By recording the relative height at each 
position, a topographical image of the sample can be constructed. The sample is 
mounted on a piezoelectric XY stage to perform the raster scan and the cantilever 
is mounted on a piezoelectric Z stage to control height. 
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AFM measurements were performed using a Veeco Dimension 3100 AFM, and AFM 
tips used had a resonant frequency of 300 kHz, a spring constant of 40 N/m and 
were purchased from Budget Sensors (Tap300Al-G). 
3.7: Spectroscopy 
3.7.1: UV-Visible Spectroscopy 
 
Figure 3.11:  Schematic diagram of the interior workings of the Fluoromax.  
Absorption spectroscopy measurements over the spectral range 300 nm to 900 nm 
were performed using a Horiba Fluoromax 4 spectrometer, shown schematically in 
Figure 3.11. A 150 W xenon arc lamp is used as a light source. The light is passed 
through a slit, used to control the light intensity, via an elliptical mirror into a 
Czerny-Turner monochromator [12]. Another mirror then collimates the light and 
directs it onto a blazed diffraction grating, which in turn reflects the diffracted light 
towards a third mirror. The wavelength of light directed to this mirror is 
dependent on the relative angle of the diffraction grating to the two mirrors. The 
light exits the monochromator through a second slit, and is directed towards the 
sample. Spectra were taken in transmission geometry, with light collected after 
passing through the sample, and normalised to incident light intensity collected via 
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a beam splitter located before the sample. The spectral resolution of this system is 
estimated to be 1 nm. 
The transmittance, T, of the sample, and hence the absorbance, A, can be calculated 
using Equation (3.5) [13]:  
 
𝑇 =  
𝐼(𝜆)
𝐼0(𝜆)
= 10−𝐴 (3.5) 
Here, I(λ) and I0(λ) are transmitted and incident light intensity respectively. The 
transmittance is the ratio of transmitted light to incident light and includes 
absorption, scattering and reflection caused by the sample. All measurements were 
normalised to blank reference substrates to account for reflection losses from the 
substrate. 
3.7.2: Spatially Resolved Photoluminescence Spectroscopy 
Spatially resolved photoluminescence measurements were used to acquire PL 
spectra from localised features in a film. To perform this a 100 mW, 532 nm laser 
was focussed onto the sample using a 100x Mitutoyo Plan Apo Infinity Corrected 
Long Working Distance objective lens, achieving a laser spot of approximately 5 
μm diameter. The emitted PL was collected using the same lens and passed into a 
Jobin Yvon Triax 320 spectrometer. The spectrometer measured the spectra by 
reflecting the light with a diffraction grating onto a liquid nitrogen cooled CCD. A 
neutral density filter wheel was employed to control the laser intensity and a 532 
nm long pass filter was used to prevent illumination from the laser from entering 
the spectrometer. 
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Figure 3.12: Schematic diagram of the spatially resolved photoluminescence set-up. 
3.7.3: Time Resolved Photoluminescence Spectroscopy 
Time resolved photoluminescence (TRPL) was performed using a 225 µW, 507 nm 
pulsed laser (2.5 MHz) connected to a single-photon counting system, as shown in 
Figure 3.13. The laser was focussed onto the sample at 45˚ and the PL emission 
was collected by a PicoQuant single photon avalanche diode. By measuring the 
relative intensity of the PL emission between each laser pulse, the charge carrier 
lifetime could be extracted. A 550 nm long pass filter was used to prevent laser 
light from entering the detector. Measurements were performed under vacuum of 
at least 10-3 mbar. TRPL data was taken by Benjamin Freestone, Department of 
Physics and Astronomy, University of Sheffield. 
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Figure 3.13: Schematic diagram of the time resolved photoluminescence set up. 
3.8: Laser Beam Induced Current Mapping 
Laser beam induced current (LBIC) mapping is a technique used to determine 
spatially resolved information about current generation within a device. To 
perform this, a laser is focussed onto the active layer of a device and scanned 
across the surface measuring the photocurrent at each point. The resolution of the 
system is based upon the size of the laser spot incident onto the device and the 
step size of the stages used to move the device or laser.  
To explore both OPVs and PSCs a LBIC mapping system was developed having a 
spatial resolution of ~1 μm. A LabView program was written to control the 
motorised stages and a lock-in amplifier was used to record the photocurrent. The 
following section covers the design, development and calibration of the LBIC 
mapping system. 
3.8.1: Experimental Set-up 
In order to perform LBIC mapping, a few key components are required; a laser to 
excite the device, a lens to focus the beam onto the device, and an XY-stage to move 
the device so that an image can be constructed. The system is shown in Figure 3.14. 
Two lasers were employed, a 3mW, 405 nm laser and a 6mW, 670 nm laser. The 
use of two different wavelength lasers allows for different depths of a device to be 
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explored, based upon the relative absorption of the material at different 
wavelengths. By measuring the wavelength dependant refractive index of a 
material, the penetration depth of light, δp, the distance at which light intensity is 
reduced to 1/e (~37%) of its initial intensity, can be calculated for specific 
wavelengths using Equation 3.6: 
 
𝛿𝑝 =
1
𝛼
=
𝜆
4𝜋𝜅
 (3.6) 
Here, α is the absorption coefficient and κ is the extinction coefficient (i.e. the 
imaginary part of the refractive index) [14]. The refractive index of CH3NH3PbI3-
xClx was measured by David Mohamad in the Department of Physics, University of 
Sheffield, via ellipsometry and gave κ of 1.1 and 0.23 for 405 nm and 670 nm 
respectively. Using these values with Equation 3.7 gave penetration depths of 30 
nm and 230 nm for the 405 nm and 670 nm laser respectively. 
The lasers were directed through a neutral density filter wheel and a ThorLabs 
optical chopper (MC2000-EC) before entering a spatial filter (see Section 3.8.2). 
Light reflected from the neutral density filter was directed onto a silicon 
photodiode to account for fluctuations in laser intensity. An iris was used to 
control the size of the beam exiting the spatial filter, before the beam was reflected 
into a microscope objective via a 50:50 beam splitter cube, and focussed onto the 
device. A 50x Mitutoyo infinity-corrected long working distance objective was used 
to create high-resolution images, and a 10x microscope objective was used for low-
resolution images. The device was mounted on a computer controlled XY-stage, 
consisting of two Zaber X-LSM050A stages, with a ThorLabs MVS005/M manual Z 
stage used for focussing. Measurements were taken by moving the XY stage in a 
sawtooth pattern and measuring the current at each point. A Stanford Research 
Systems SR830 lock-in amplifier was used to maximise the signal.  
A camera with a telephoto lens was attached to the system above the microscope 
objective to allow for easier focussing of the laser beam. Additionally, a white light 
source was used to enable the device to be viewed directly, allowing specific areas 
to be selected for measurement. 
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Figure 3.14:  Schematic diagram of LBIC set-up. The laser power incident upon the 
device is 270 nW, with a spot size <1 μm. 
3.8.2: LBIC Spatial Resolution 
In order to achieve high spatial resolution, it was necessary to minimise the size of 
the laser spot that was focussed onto the sample surface. As the system is a 
microscope, the theoretical maximum resolution the system can be calculated 
using the Abbe diffraction limit [15]: 
 
𝑑 =
𝜆
2𝑛 sin 𝜃
 (3.6) 
Here d is the Abbe limit, λ is the wavelength of light being focussed and n sinθ is 
the numerical aperture (NA) of the objective lens. Initially, a 50x Mitutoyo infinity-
corrected long working distance microscope objective was used to focus the laser. 
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This objective had a NA of 0.55, giving Abbe limits for light at 405 nm and 670 nm 
of 370 nm and 610 nm respectively. However, the beam emitted from the laser 
diode was bar-shaped having an uneven intensity profile, surrounded by scattered 
light and airy disks. This lead to problems when focussing the beam, due to 
diffraction and interference effects. In order to ‘clean up’ the beam, a spatial filter, 
shown in Figure 3.15 was employed. The beam was focussed using a microscope 
objective, typically resulting in a central spot surrounded by airy disks. A pinhole, 
with a diameter slightly greater than the central spot of the beam focus, was used 
to select the central spot, thereby removing the airy disks. The resultant light was 
collected and collimated using a second microscope objective, creating a circular 
beam with a Gaussian intensity profile.  
 
Figure 3.15:  Schematic diagram of a spatial filter, showing the input beam before 
being focussed onto a pinhole, and the collimated output beam after passing 
through the pinhole. 
As devices were imaged through the transparent device substrate internal 
reflection at the glass-air interface led to the formation of interference patterns, 
known as Newton’s rings, effectively increasing the area being illuminated by the 
laser, as shown in Figure 3.16. This problem was solved by reducing the size of the 
beam upon leaving the spatial filter, effectively decreasing the NA of the objective 
and hence reducing the angle at which the beam was incident on the device. This 
process has the effect of reducing internal reflection within the device. This 
unfortunately had the adverse effect of increasing the diffraction limited resolution 
of the system. 
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Figure 3.16: (a) Schematic diagram of internal reflection resulting in Newton’s 
rings, and (b) an example of Newton’s rings observed in a device. 
To determine the size of the focussed laser spot, and hence determine the 
resolution of the system, the device was replaced with a silicon photodiode. An 
optical grid with a periodicity of 3 µm was placed above the photodiode. Line scans 
across the grid were then performed with step sizes of 1 and 0.5 µm, measuring 
the signal of the photodiode at each point. The scans are shown in Figure 3.17. It 
can be seen that the scan in 1 µm steps gave an approximate square wave with a 
period of 3 µm, whereas the 0.5 µm step scan gave a sinusoidal shape. This 
indicates that the practical resolution of the LBIC system is approximately 1 µm. 
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Figure 3.17: Line scans across a 3 μm grid with step sizes of (a) 1 μm and (b) 0.5 
μm. 
3.8.3: Imaging the Device 
Prior to performing an LBIC measurement the system was first optimised by 
performing a line scan over the edge of a device. The focus of the device was 
adjusted until the current curve was as steep as possible at the point when the 
laser moved onto the device. By placing a camera behind the microscope objective, 
the laser spot could be viewed directly, making focussing faster and easier. The 
camera was equipped with a telephoto lens to collect the light as the 50x objective 
used was infinity corrected, meaning the light rays exiting the lens were parallel 
(collimated), effectively corresponding to an object that was placed at infinity. 
Telephoto lenses are designed for imaging at very long distances, and hence have 
long focal lengths, making them ideal for creating an image from infinity corrected 
light. 
A ThorLabs quartz tungsten-halogen lamp (QTH10/M) emitting white light 
allowed a device to be imaged, allowing particular areas to be selected for study. 
This enabled the system to act as an optical microscope in reflected bright field 
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geometry. To illuminate the sample whilst it is in focus without focussing an image 
of the illumination source onto the same plane, the Köhler illumination technique 
was used. This is the illumination technique used in bright-field reflected and 
transmitted light microscopy, developed by August Köhler in 1894 [16]. Here the 
image of the lamp filament was focussed using a collector lens onto a diaphragm, 
known as an aperture diaphragm, which shares a conjugate plane with the rear 
focal plane of the objective. This diaphragm was used to control the intensity of the 
illumination without altering the field of illumination. Between the aperture 
diaphragm and the rear focal plane of the objective, the light was collimated and 
passed through a second diaphragm, known as the field diaphragm, which controls 
the size of the field of illumination without affecting the intensity. A final lens 
focussed the image of the filament to the rear focal plane of the objective, 
producing uniform illumination at the plane of the sample.  
 
Figure 3.18: Path of light rays for Köhler illumination. The image of the  
3.9: Summary 
In this chapter, the experimental techniques used in this thesis have been 
described and explained. Section 3.1 outlined the spin and spray coating 
techniques for thin film deposition. Spin coating is used in all subsequent chapters, 
whilst spray coating is used only in Chapter 6. Section 3.2 described the materials 
used in and the fabrication of OPV devices, which will be used in Chapter 4. The 
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materials and fabrication of PSCs were covered in Section 3.3, and will be used in 
Chapters 5, 6, and 7. The techniques in Section 3.4, characterising photovoltaic 
devices, are relevant to all experimental chapters. The techniques for polymer 
characterisation described in Section 3.5 will be used in Chapter 4. Section 3.6 
covered microscopy techniques, which will be used in Chapters 4 and 7. The 
spectroscopy techniques in Section 3.6 will be used in Chapters 4 and 5. Finally, 
Section 3.8 covered the design, set-up, and calibration of a laser beam induced 
current mapping system, which is used in all experimental chapters. 
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Chapter 4 
The Effects of Residual Palladium 
Catalyst on the Performance and 
Stability of Organic Photovoltaic 
Devices 
 
4.0: Introduction 
In this chapter, the effect of the residual catalyst palladium (Pd) on organic 
photovoltaic (OPV) devices is investigated for the semiconducting polymers 
PCDTBT and PFD2TBT-8. Excess Pd is intentionally introduced to the polymers via 
the processes given in section 4.1. The effects of this excess Pd on the device 
performance of both polymers will be presented and discussed. For the PCDTBT 
devices, a significant loss of power conversion efficiency (PCE) is observed for high 
palladium contents. This loss is explored through a variety of techniques and found 
to be a result of an increase in current shunts within the active layer. Increased Pd 
content is also found to increase PCE losses during the burn-in period of 
continuous operation. An increase in the density of current shunts, as well as 
oxidation reactions forming sub-bandgap states are believed to be the cause of this 
difference in the burn-in period. PFD2TBT-8 devices are found to be much more 
tolerant to Pd contamination, able to produce devices with comparable efficiencies 
at both low and high Pd concentrations. This is speculated to be a result of the 
solubilising alkyl chains preventing the Pd from pulling the polymer out of solution 
upon deposition, inhibiting the formation of short-circuits. The tolerance is also 
found to be reflected in the operational stability of such devices, where losses 
during the burn-in period are found to be much less severe. 
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4.0.1: Impurities in Organic Photovoltaic Devices 
A key requirement in the preparation of semiconducting polymers for OPV devices 
and in the manufacture of solar cells is the need to minimise the presence of 
contaminants or impurities. Impurities in OPV devices come in many forms and 
can be introduced in a variety of ways. The most common form of impurity is 
palladium (Pd), a catalyst of the cross-coupling polymerisation reactions used to 
create the light-harvesting conjugated polymers for OPV devices [1–3]. This forms 
nanoparticles that bind to the polymers, remaining with them and introducing 
them into OPV devices unless specifically removed [4]. Impurities are also added 
intentionally to study their effects, for example [6,6]-phenyl-C84-butyric methyl 
ester (PC84BM) has been added to poly[N-90-heptadecanyl-2,7-carbazole-alt-5,5-
(40,70-di-2-thenyl-20,10,30-benzothiadiazole)] (PCDTBT):PC60BM devices to act 
as an impurity [5], this fullerene is of the same family as PC60BM or PC70BM, which 
are commonly used as an acceptor, but has a deeper HOMO and LUMO and so can 
act as a trapping site for free charges. Different impurities have different impacts of 
OPV devices through different mechanisms, 
The overall performance of OPV devices is generally decreased by the presence of 
impurities, with deleterious effects observed in all device metrics [6–10]. Despite 
this polymers do have a tolerance to impurities [9,11], being unaffected below a 
certain threshold impurity concentration. This tolerance varies between polymers 
and is also dependant on the type of impurity [8] and knowledge of this is crucial 
to determine if inherent impurities, such as Pd, need to be removed after 
polymerisation in order to make functional OPV devices.  
A loss of short circuit current density (Jsc) with increased impurity concentrations 
can be attributed to a significant drop in the EQE [7–9]. A reduction in this value 
can be due to either photons not being absorbed or charge carriers recombining 
whilst still an exciton or after dissociation. Impurities often have little effect on the 
absorption of an OPV device [8], certainly not enough to impact the EQE in such a 
significant way. This leaves the conclusion that the impurities act as trapping sites 
for charge carriers allowing them to recombine before reaching the electrodes. 
Transient absorption has further been used to confirm this behaviour. BHJs with 
impurities present much more rapid polaron decay indicating a decreased hole 
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population as a result of trap assisted Shockley-Read-Hall recombination [12]. 
From this state, thermal excitation is required for the electron to escape the 
localised state, otherwise the electron will recombine. 
The polymer being studied influences the effect of the specific impurity, which will 
be illustrated by looking at the effect of residual Pd on various different polymer 
systems. When present in PPV (polyphenylenevinylene) or PPE 
(poly(phenyleneethynylene)) based materials, residual Pd was found to lower the 
shunt resistance of the active layer film [13,14], indicative of the creation of short 
circuits through the active layer. In PFB-co-FT (poly{[40-(9,9-bis(2-
ethylhexyl)fluoren-2-yl)-20,10,30-benzothiadiazole-7,70-diyl]-co-[20-(9,9-bis(2-
ethylhexyl)fluoren-2-yl)thien-7,50-diyl]), Pd resulted in the reduction of hole 
mobility within the polymer, as well as the creation of trapping states, leading to 
significant reductions in the fill factor (FF) and open circuit voltage (Voc) of devices 
[10]. A similar effect was observed in P3HT (poly(3-hexylthiophene)) devices, 
where significant losses of PCE were attributed to reductions in charge mobility 
and an increase in traps, leading to deleterious effects on all device metrics [15]. 
An increase in the Jsc of PTB7 (poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-
b]thiophenediyl]]) devices with 1 wt.% Pd content was observed before reducing 
at higher concentrations [11]. The increase is attributed to an increase in 
conductivity of the active layer film. However, despite the increase in the Jsc, the FF 
and Voc of the device exhibit reductions at this concentration due to the Pd acting 
as charge trapping sites, resulting in lower PCEs. 
Whilst PC84BM and Pd can act as trapping sites for charge carriers assisting in 
recombination, it is useful to examine other impurities as they can exhibit different 
mechanisms. 14,14,8,8-teracyanoquinodimethane (TCNQ) is another impurity that 
has been studied, it has the same general effect of reducing the PCE, FF, Jsc, and Voc 
of OPV devices but operates in a different way. Instead of acting as a trapping site, 
TCNQ acts as a long-lived transfer state for excitons. This not only traps electrons 
in the TCNQ, but also immobilises the holes that are bound to them in excitons [8].  
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The presence of impurities can also affect the stability of devices, leading to 
reduced lifespans. It has been reported that significant reductions in Jsc can occur 
after a few weeks of storage in dark, inert conditions due to the presence of 
organic contaminants at significantly lower molecular weight than the average of 
the active material [16]. The lower molecular weight contaminants are speculated 
to diffuse through the active layer to the interface with the cathode with which it 
subsequently reacts. Indeed, this is supported by the S-shaped J-V curve observed 
after ageing, which is indicative of increased interfacial resistance [17]. 
There are also reports of impurities that can actually improve the performance of 
OPV devices. It has been shown that the addition of gold nanoparticles into a 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) hole-
transport layer can improve device performance by as much as 29% [18]. The 
improvement originates from the nanoparticles scattering incident light into the 
active layer via the amplification of the electrical field around it. Another study 
showed that introducing 2,3,5,6-tetrafl uoro-7,7,8,8-tetracyanoquinodimethane 
(F4-TCNQ) into the active layer can significantly increase the Jsc of a device by 
improving the absorption characteristics and hole mobility [19]. 
4.1: Polymer Preparation and Characterisation 
4.1.1: Polymer Synthesis 
A polymerisation reaction links monomers, the base units of a polymer, into a 
covalently bonded chain. As mentioned in section 4.0.1, most conjugated polymers 
used in OPV devices are synthesised via the Stille and Suzuki cross-coupling 
polymerisation reactions, which are catalysed by palladium [1–3]. Catalysts are 
materials that reduce the activation energy of a reaction, increasing its rate, but are 
not part of the final product. This can occur through the binding of the catalyst to 
the reagents (materials involved in the reaction), creating intermediate states 
which would not normally occur, or dissociating the reagents into more reactive 
forms.  
In the Stille reaction, the Pd catalyst first binds with one monomer through 
oxidative addition, the transfer of two electrons from the Pd to the monomer. The 
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new compound then binds to the second monomer, which has tin based end 
groups, through transmetalation. Transmetalation is the process in which ligands, 
molecules attached to a metal, are transferred from one metal to another. Here, the 
monomer is transferred from the tin end group to the Pd catalyst. The Pd catalyst 
is then removed from the new compound through reductive elimination, the 
transfer of electrons from the compound to the Pd. The Pd catalyst can then be 
used in another reaction, so the cycle repeats until the polymerisation is complete 
[1,3]. 
The Suzuki reaction is similar, except uses boron instead of tin as the end groups 
on some of the monomers. There is also an addition metathesis step before the 
transmetalation [2], in which the bonds of two chemical species are exchanged, i.e.: 
𝐴˗𝐵 + 𝐶˗𝐷 ⟶ 𝐴˗𝐷 + 𝐶˗𝐵 
During either of these polymerisation reactions, there is the possibility of the Pd 
catalyst breaking down. If this occurs, the Pd forms nanoparticles which can bind 
to the polymer, remaining with it unless specifically removed [4,11,15]. 
4.1.2: Polymer Pollution 
To achieve a higher Pd concentration in the polymers 1 g of the stock material was 
added to 50 ml of toluene and was placed in a 250 ml round bottom flask and then 
heated up to reflux for 3 hours under argon. The mixture was cooled down and to 
this mixture 16 ml of tetraethylammonium hydroxide (Et4NOH), 21.8 mg of 
palladium acetate (C4H6O4Pd) and 59.1 mg of tri(o-tolyl)phosphine ((CH3C6H4)3P) 
were added and then degassed. The mixture was heated to 93 °C overnight and 
cooled to room temperature. The PCDTBT was precipitated with methanol, 
collected by filtration and dried under vacuum, providing a ‘polluted’ polymer. 
This method is basically repeating the polymerisation reaction used to create the 
polymer. This produced a ‘Pd polluted’ polymer batch. The pollution procedure 
was performed by Hunan Yi, Department of Chemistry, University of Sheffield.  
4.1.3: Polymer Cleaning 
The Pd concentration of the polymers was lowered by dissolving 1 g of the stock 
material in 300 ml of chloroform (CF) and adding 300 ml of ammonium hydroxide 
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solution (28% in water)(NH3(aq)). The solution was heated to reflux for 4 hours 
and left to cool overnight. Pd is soluble in NH3(aq) whereas the polymers are not, 
so this will remove some of the Pd. The organic phase was separated from the 
NH3(aq) through the addition of 300 ml of DI water, with which NH3(aq) is 
miscible. 500 mg of ethylenediamine-tetraacetic acid disodium salt dehydrate 
(EDTA), Figure 4.1(a), was then added to the CF solution and stirred overnight.  
 
Figure 4.1:  (a) EDTA, (b) EDTA-Pd, (c) Soxhlet extraction system. 
EDTA has 4 single bond oxygen atoms and 2 central nitrogen atoms that bind 
strongly with metals, as shown in Figure 4.1(b), sequestering them and reducing 
their reactivity.  It was removed through the addition of 300 ml of DI water in 
which it is soluble. A rotary evaporator was used to evaporate most of the CF, and 
the polymer was precipitated through the addition of methanol, collected by 
filtration and dried under vacuum. A series of Soxhlet extractions were performed 
using methanol, acetone, and hexane to remove any inorganic materials that may 
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have remained with the polymer. A Soxhlet extraction is a process of repeatedly 
‘washing’ a sample with solvent to either remove impurities or extract a desired 
portion of the sample. To perform a Soxhlet extraction, the material is placed in a 
‘thimble’ inside a special piece of glassware shown in Figure 4.1(c). The solvent 
being used for the extraction is added to a boiling flask at the bottom of the set-up 
to act as a reservoir and is heated to reflux.  The solvent vapour rises to the 
condenser and is collected at the sample, dissolving the soluble portion. Once the 
collected solvent reaches the top of the siphon arm it returns to the reservoir. This 
process is repeated overnight to assure thorough removal of impurities. A final 
extraction using chlorobenzene (CB) was performed, and the polymer was 
precipitated with methanol, collected by filtration and dried under vacuum. This 
resulted in a ‘clean’ batch of polymer 
4.1.4: Palladium Content and Molecular Weight of PCDTBT 
The stock PCDTBT had a Pd concentration of 238 ppm and a molecular weight of 
15,382 Da after synthesis. This was then put through both the pollution and 
cleaning procedures to create high and low Pd content batches. 
The ‘Pd polluted’ PCDTBT batch, had a Pd concentration of 2570 ppm as measured 
by ICP-OES. This batch of PCDTBT had a molecular weight of 19,070 Da. This small 
apparent increase in molecular weight compared to the stock material (Mn = 
15,382 Da) most likely resulted from additional coupling reactions during the 
pollution process, as some of the stock PCDTBT may still have had end-groups 
bearing either bromide or boronic ester. The pollution procedure was performed 
by Hunan Yi, Department of Chemistry, University of Sheffield.  
This ‘clean’ batch of PCDTBT, had a Pd concentration of 0.1 ppm as measured by 
ICP-MS. The molecular weight of the cleaned PCDTBT was 15,755 Da; a value is in 
close agreement with that of the stock material (15,382 Da), indicating that the 
cleaning process does not result in chain scission. The Pd concentrations and 
molecular weights of the stock, clean, and polluted PCDTBT are given in Table 4.1. 
Importantly, the absorption and fluorescence properties of the stock PCDTBT (238 
ppm), clean PCDTBT (0.1 ppm) and polluted PCDTBT (2570 ppm) are identical, 
shown in Figure 4.2, indicating that the pollution and cleaning processes did not 
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result in significant degree of chemical oxidation or the production of non-
radiative defects. 
 
Figure 4.2: (a) Absorption and (b) photoluminescence spectra of thin films (~70 
nm) of the stock PCDTBT and the PCDTBT with 0.1 and 2570 ppm Pd. 
PCDTBT Batch Pd Concentration 
(ppm) 
Molecular Weight 
Mn (Da) 
Stock 238 15,382 
Cleaned 0.1 15,755 
Polluted 2570 19,070 
 
Table 4.1: The palladium concentrations and molecular weights for each batch of 
PCDTBT. 
4.2: The Effects on PCDTBT:PC70BM Photovoltaic Devices 
To explore the role of Pd concentration on device properties, a series of polymer 
samples were prepared by mixing the clean and polluted PCDTBT batches together 
at different concentrations.  In particular the dry polymer materials were blended 
in ratios of 5:1, 4:2, 3:3, 2:4 and 1:5, creating a series of samples having assumed 
Pd concentrations of 0.1, 430, 860, 1290, 1710, 2140 and 2570 ppm. These 
polymer samples were used to fabricate a series of devices to determine how 
device operation is affected by the presence of excess Pd. Figure 4.3 shows the 
average J-V curves of these devices, with the average device metrics presented in 
Table 4.2, and plotted graphically as a function of Pd concentration in Figure 4.4. 
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Here, it can be seen that all device metrics experience a reduction as the Pd 
concentration increases, with PCE reduced by 47% at the highest Pd concentration 
explored (2570 ppm) compared to the devices with the lowest Pd concentration 
(2.42% and 4.55% respectively). This primarily originates from an increase in the 
series resistance (Rs) and a decrease in the shunt resistance (Rsh), leading to a 
decrease in the fill factor (FF) of the devices with increasing Pd content. As 
discussed in Section 2.2, Rs is dependent on the energy level alignment and charge 
mobility of a device, and Rsh is dependent on the recombination rate and presence 
of leakage pathways. These factors were therefore investigated to determine the 
primary mechanism at work. 
Firstly, however, it should be noted that, as shown previously in Table 4.1, there is 
a ~20% difference between the molecular weights of the 0.1 ppm and 2570 ppm 
Pd containing polymer samples. It has been shown previously that for PCDTBT 
OPV devices, the PCE increases as the molecular weight increases, reaching a 
maximum at 21.5 kDa (after which the PCE reduces) [20]. Here, the opposite effect 
is observed; efficiency drops in devices based on higher molecular weight PCDTBT. 
This strongly suggests that the reduction in device efficiency observed here can be 
correlated with increased Pd concentration, rather than changes in the molecular 
weight of the polymer. 
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Figure 4.3: J-V curves of PCDTBT:PC70BM devices fabricated with different 
palladium concentrations. 
Pd Content 
(ppm) 
PCE 
(%) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
Rsh 
(Ωcm2) 
Rs 
(Ωcm2) 
0.1 
4.6 60 -8.6 0.89 700 12 
± 0.3 ± 3 ± 0.1 ± 0.002 ± 40 ± 1 
430 
4.0 57 -8.2 0.85 660 15 
± 0.4 ± 4 ± 0.2 ± 0.03 ± 40 ± 2 
860 
3.4 53 -8.3 0.78 510 20 
± 0.2 ± 1 ± 0.1 ± 0.02 ± 100 ± 3 
1290 
3.0 49 -7.9 0.77 420 25 
± 0.3 ± 2 ± 0.1 ± 0.02 ± 80 ± 3 
1710 
2.8 47 -8.0 0.77 380 25 
± 0.4 ± 4 ± 0.1 ± 0.02 ± 50 ± 3 
2140 
2.3 45 -7.3 0.71 380 34 
± 0.3 ± 2 ± 0.1 ± 0.04 ± 10 ± 1 
2570 
2.4 45 -7.7 0.71 340 30 
± 0.3 ± 3 ± 0.1 ± 0.03 ± 30 ± 1.0 
 
Table 4.2: Mean device results and standard deviations for power conversion 
efficiency, fill factor, short circuit current density, open circuit voltage, and shunt 
and series resistance, extracted from J-V curves for PCDTBT containing a range of 
palladium concentrations. 12 devices were used to calculate the mean and 
standard deviations for each Pd content. 
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Figure 4.4: Changes in device metrics plotted as a function of palladium content, 
with data normalised to metrics determined from devices containing the lowest 
concentration of Pd. The lines are a guide for the eye. 
To check whether reductions in device efficiency result from modification of the 
electronic-structure of the polymer caused by chemical reactions with Pd, which 
would result in changes of the energy level alignment within the device, cyclic 
voltammetry was used to determine the energetic position of the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
energy levels, as shown in Figure 4.5. A small difference in the HOMO levels (by 
0.08 eV) and a negligible difference in LUMO levels between polymers containing 
either 0.1 ppm or 2570 ppm Pd was found, indicating that significant changes in 
electronic structure of the polymer do not occur as a result of Pd contamination. 
Therefore, the increases in Rs are not a result of significant changes to energy level 
alignment within the device. 
Chapter 4  Page 129 
 
 
Figure 4.5: Cyclic voltammetry plots of PCDTBT film with 0.1 and 2570 ppm Pd. 
Ferrocene was used as a reference redox system.  
Furthermore, it appears that the Pd does not result in significant changes in the 
ability of the PCDTBT to transport charge; single carrier devices were fabricated in 
order to determine the hole and electron mobility of PCDTBT:PC70BM blends at the 
extremes of Pd content. This data is shown in Figure 4.6, and gave extracted hole 
mobilities of [3.7 ± 0.1] x 10-4 cm2/Vs and [3.2 ± 0.1] x 10-4 cm2/Vs, and electron 
mobilities of [1.00 ± 0.04] x 10-3 cm2/Vs and [0.99 ± 0.06] x 10-3 cm2/Vs for the 0.1 
ppm and 2570 ppm Pd devices respectively. This suggests that significant changes 
in hole or electron carrier mobility do not occur as a result of the presence of the 
Pd catalyst. This further implies no significant increase in charge carrier traps, 
which would lead to an increase in the recombination rate of the device.  
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Figure 4.6: J-V curves for (a) hole-only devices and (b) electron-only devices. The 
dashed lines show the standard deviation of the solid lines. 
As the energy level alignment and charge mobility do not significantly change with 
Pd content, it is therefore speculated that the changes in Rs and Rsh as Pd content 
increases are a result of increased current shunt density within devices. These 
current shunts create short circuits and leakage pathways within the device, 
allowing charges to flow between the electrodes. Indeed, previous work has also 
correlated an increase in Rs and a reduction in Rsh and FF (which decreased by 26% 
in devices containing 2570 ppm Pd) with an increased density of shorts circuits 
within an OPV device [13,21].  
To confirm the presence of an increased density of short-circuits in devices 
containing a large fraction of Pd, laser beam induced current (LBIC) mapping was 
used. This technique utilises a laser that is focussed to a spot of 5 μm diameter on 
the device surface and then raster scanned whilst the photocurrent (PC) is 
recorded. Figures 4.7(a), (b) and (c) show optical micrographs of PCDTBT:PC70BM 
films that contain 0.1 ppm, 1290 ppm and 2570 ppm Pd respectively, while Figures 
4.7(d), (e) and (f) show LBIC maps recorded from the same areas of the film as 
shown in parts (a) to (c).  
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Figure 4.7: Parts (a), (b), and (c) are optical microscope images of 0.1 ppm, 1290 
ppm, and 2570 ppm Pd PCDTBT:PC70BM films respectively. Parts (d), (e) and (f) 
are laser beam induced current maps of the films whose images are shown in parts 
(a), (b), and (c) respectively. Parts (g), (h), and (i) are laser beam induced current 
maps of the same areas that have been subjected to 140 hours of continuous 
illumination. The maps are normalised individually to the peak value in the image. 
It can clearly be seen that as the Pd concentration increases, there is a concomitant 
increase in the relative density of ‘dark’ spots in the optical microscope images that 
are associated with reduced photocurrent in the LBIC images. These current ‘cold-
spots’ have a diameter between 5 and 35 microns, and in many cases are larger 
than the overall thickness of the active polymer:fullerene layer (70 nm). In the film 
containing 0.1 ppm, 1290 ppm and 2570 ppm Pd, these current ‘cold-spots’ are 
estimated to appear at a surface density of 51, 195 and 250 mm-2 respectively. 
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Considering the relatively large size of these features, together with their relatively 
high density, it is likely that such current shunts are responsible for the reduced FF 
and PCE of these devices. It can be seen that the density of such cold-spots does not 
scale linearly with Pd concentration. The reason for this is currently unclear, 
however SEM imaging (vide infra) indicates that only a fraction of the available Pd 
forms large defects responsible for the current cold-spots, with the remainder of 
the Pd being distributed throughout this film at a level that presumably does not 
cause a current short. It is also apparent that such cold-spots appear overlaid on a 
background that has fluctuations in PC that occur over lengths scales of 200 
microns. These long range fluctuations in PC are likely associated with variations 
in film thickness and polymer:PC70BM mixing ratio. 
To probe the nature of such features within films containing a high concentration 
of Pd, scanning electron microscopy (SEM) using backscattered electrons has been 
performed and is shown in Figure 4.8(a) and (b). Here, typical images of two large 
defects observed in a PCDTBT:PC70BM film containing a 2570 ppm mass fraction of 
Pd are shown. The feature shown in part (a) has a lateral dimension of 
approximately 1 m, with the feature in part (b) being more diffuse in nature, 
having a lateral size of around 6 m. 
 
Figure 4.8: SEM images of aggregates using backscattered electrons. The width of 
the image shown in part (a) (left) has a size of ~1 micron, whereas the image part 
(b) (right) has a width of 6 microns. 
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In both cases, these defects are found to be composed of a sub-structure consisting 
of particles having a size of around 15 to 45 nm. Imaging using backscattered 
electrons probes the entire depth of the sample, rather than just the surface, 
indicating that these particles are distributed throughout the defect. These 
nanoscale particles are believed to be composed of Pd; a conclusion confirmed by 
the fact that the large nuclear charge in Pd nuclei scatters electrons more strongly 
than the PCDTBT polymer and as such Pd particles produce a larger backscattered 
signal. Indeed, previous work has shown that palladium nanoparticles bind to 
conjugated polymers during their synthesis [4] and thus the large aggregates 
observed in Figure 4.8 are likely composed of both PCDTBT and Pd.  
A white light optical image of a typical defect is shown in Figure 4.9(a). As 
observed in the SEM images presented above, it can be seen that the defect is 
characterised by a central Pd-containing core that is surrounded by a 
polymer:fullerene layer of varying thickness, forming a typical “comet” structure. 
Photoluminescence (PL) spectroscopy has been used to explore the composition of 
such defects. Here, the PL was excited using light from a 532 nm diode laser 
focused in a dark-field configuration onto the active layer of an encapsulated 
device. Emission was collected using a microscope objective lens, with PL spectra 
being recorded with a spatial resolution of ~5 m. The PL spectrum recorded from 
the Pd defect is shown in Figure 4.9(b), with PL spectra recorded from two 
different areas of the film marked with arrows shown in Figures (c) and (d).  
It can be seen that the emission from the defect is significantly different from that 
recorded from other regions of the film. Figure 4.10 shows the PL emission from a 
PCDTBT film (Pd concentration of 0.1 ppm) and a thin PC70BM prepared by spin-
casting. It appears that PL emitted from the defect is almost identical with that of 
PCDTBT. The significant similarity between the PL emitted from the defect (shown 
in Figure 4.9(b), and that of PCDTBT indicate that the defects are composed 
primarily of PCDTBT and Pd, with little to no PC70BM present. In contrast the 
emission spectra recorded from other points across the film (see Figures 4.9(c) 
and (d)) is similar to that of pure PC70BM. This behaviour was observed in films 
over the entire range of Pd concentrations and is consistent with effective 
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quenching of excitons in PCDTBT, with residual emission occurring from excitons 
that reside on fullerene aggregates [22].  
 
Figure 4.9: (a) Optical microscope image of a defect, with scale bar representing 
100 μm. (b) PL spectrum of the defect before and after 140 hours of illumination. 
(c) and (d) PL spectra of the surrounding film before and after 140 hours of 
illumination. 
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Figure 4.10: Normalised photoluminescence spectra for a PCDTBT thin film and 
PC70BM thin film. 
Therefore it is speculated that when a Pd-contaminated PCDTBT:PC70BM solution 
is prepared, some PCDTBT polymer-chains become bound to the Pd nanoparticles. 
On casting a film, the PCDTBT-Pd aggregate “falls out” of solution before the blend 
film undergoes vitrification, resulting in the formation of a mesoscopic polymer-Pd 
aggregate structure. The composition of such aggregates therefore appears 
significantly different from that of the bulk film, and contains a significantly 
reduced fraction of PC70BM.  
It has been shown that the presence of the Pd nanoparticles reduces the efficiency 
of the OPV devices, principally by reducing device FF as a result of the generation 
of localised current shunts. The reduced efficiency of photocurrent generation 
around the Pd nanoparticles is also likely to result from a reduced probability of 
exciton dissociation resulting from increased demixing between PCDTBT and 
PC70BM. Indeed, the relative fluorescence emission intensity from films containing 
a high concentration of Pd is found to be increased (see spectra in Figure 4.11), 
indicating a relatively higher proportion of PC70BM in these films. 
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Figure 4.11: Photoluminescence spectra of PCDTBT:PC70BM thin film with 0.1 and 
2570 ppm Pd. 
It is interesting to determine whether such shunts have any consequence for 
device operational stability. To explore this issue, an ATLAS Suntest CPS+ lifetime 
tester (approximating AM1.5 radiation) was used to track OPV device performance 
over a period of 140 hours of continuous illumination as shown in Figure 4.12 and 
Figure 4.13. Specifically, Figure 4.12(a) shows the relative (normalised) PCE of 
devices having a varying concentration of Pd as a function of continuous 
illumination. This decay in PCE is commonly divided into two regions; a ‘fast’ initial 
‘burn-in’ period (extending here to 60 hours, as determined using the method in 
Section 3.4.3) during which the device undergoes rapid degradation. This period is 
followed by a period in which device degradation is more linear (here shown in 
Figure 7(b)). It can be seen that the presence of Pd has a significant effect on the 
initial ‘fast burn-in’ period, with devices having a higher Pd concentration 
generally undergoing a larger initial loss in PCE. (Note the device having the 
highest Pd concentration (2570 ppm) appears slightly more stable than that 
having a Pd concentration of 2140 ppm. A high degree of significance is not given 
to this observation and assign this to experimental uncertainty). 
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Figure 4.12: (a) PCE over 60 hours of continuous illumination normalised with 
respect to the initial PCE, corresponding to the burn-in period. (b) PCE from 60 to 
140 hours of continuous illumination normalised with respect to the PCE after the 
burn-in period. 
From the more linear decay region (60 to 140 hours), (see Figure 4.12(b)), the Pd 
content is observed to not have a significant effect on the stability in the more 
linear period beyond fast burn-in. Indeed, this linear part of the decay-trace is used 
to calculate the device T80 lifetime, defined as the time taken for the device PCE to 
drop to 80% of its PCE determined after the initial burn-in period. Here, the T80 
lifetime is estimated to be 274 ± 9 hours in devices containing 0.1 ppm Pd, a value 
similar to that determined for devices containing 2570 ppm (250 ± 21 hours). This 
data is summarised in Figure 4.14. Note that the T80 lifetimes determined here are 
reduced compared to previous lifetime studies on PCDTBT devices incorporating a 
MoOx anode, where a T80 lifetime of 650 – 1000 hours was recorded [23]. The 
apparently shorter lifetimes observed here is believed to result from the fact that 
the degradation of devices was only followed over a relatively short time-scale 
(140 hours), and that some degree of device burn-in was still in progress even at 
the end of this measurement, making a long-term extrapolation unreliable. Indeed, 
further measurements are required to explore whether excess Pd concentration 
plays a role in degradation over time-scales of 1000’s of hours. Despite this 
uncertainty, the results show that devices containing high levels of Pd undergo 
most rapid degradation in the initial fast burn-in period, with degradation in the 
period beyond burn-in being less sensitive to the effect of residual palladium 
catalyst.  
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Figure 4.13: Lifetime traces for (a) FF, (b) Jsc, and (c) Voc of PCDTBT OPV devices 
with a range of Pd concentrations over 140 hours of continuous illumination. 
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Figure 4.14: T80 lifetimes for different palladium content PCDTBT devices 
calculated from the PCE lifetime curves. 
 
Figure 4.15: Device metrics after 140 hours of continuous illumination relative to 
initial values. The lines are a guide for the eye. 
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Pd Content 
(ppm) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
0.1 
48 -7.34 0.85 
± 0.1 ± 0.03 ± 0.001 
430 
47 -6.98 0.81 
± 0.1 ± 0.03 ± 0.003 
860 
43 -6.57 0.72 
± 0.3 ± 0.05 ± 0.015 
1290 
41 -6.28 0.67 
± 0.2 ± 0.04 ± 0.006 
1710 
40 -6.22 0.63 
± 1.4 ± 0.06 ± 0.001 
2140 
37 -5.27 0.56 
± 0.4 ± 0.80 ± 0.022 
2570 
38 -5.70 0.51 
± 0.8 ± 0.21 ± 0.018 
 
Table 4.3: Mean and standard deviations of device metrics after 140 hours of 
continuous illumination. 8 devices were used to calculate the average and standard 
deviation for each Pd content. 
To quantify the reduced efficiencies of the Pd containing devices, the relative 
changes in device after 140 hours are plotted in Figure 4.15, normalised to values 
determined at t = 0. Absolute values are given in Table 4.3. For devices 
characterised by a low Pd concentration (0.1 – 860 ppm), the observed reduction 
in PCE in aged devices mainly results from a reduction in device FF and Jsc. For 
aged devices characterised by higher Pd concentrations (above ~1000 ppm), a 
strong reduction in device Voc also contributes to a reduction in OPV efficiency. 
To explore this process further, LBIC images were recorded of devices that have 
been aged by exposure to AM1.5 radiation for 140 hours (see Figures 4.7(g), (h), 
and (i)). Here, it is apparent that the number density of cold-spots increases by 
around 20% in all of the aged devices. From normalised line profiles taken across 
such defects before and after 140 hours of illumination (as shown in Figure 4.16) 
variation in the evolution in shunt structure is observed. Specifically, it is found 
that larger shunts do not change appreciably in their size or depth; however, a 
population of smaller shunts emerges during the ageing process. Such smaller 
shunts can grow rapidly in size, increasing in diameter by between 2 and 4 times. 
The origin of the “new” current shunts observed in the aged devices is as yet 
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unclear. When the polymer:fullerene film is first cast, there exists a ‘background’ 
level of Pd nanoparticles that are dispersed within the film that co-exist with the 
larger nanoparticle aggregates; an example of this can be seen in Figure 4.17, 
where several spots can be seen outside of the defect. It is speculated that on 
ageing such devices under the solar simulator, the nanoparticles are able to 
undergo slow thermally-assisted diffusion and aggregation within the film 
(perhaps assisted by the field within the device), eventually reaching a size 
whereby they are also able to act as current shunts; a process likely to contribute 
to the observed loss in PCE. It is possible that the larger shunts do not change size 
due to a locally decreased Pd content in the film immediately surrounding the, as 
the Pd from this area has already been incorporated into the shunt upon the 
casting of the film. This would prevent the accumulation of further Pd if the 
nanoparticles cannot diffuse large distances through the film. 
To explore whether the photoactive material is modified by its proximity to a Pd-
containing defect, PL spectra was recorded at different distances (from 0 to 250 
microns) from a single aggregate after 140 hours of AM1.5 irradiation, as shown in 
Figures 4.9(b), (c) and (d). Interestingly, the PL emission spectra do not change 
shape after the ageing process, however they all undergo a decrease in intensity 
(by around 10% for the film, 30% for the defect), an observation consistent with 
photo-oxidation [23].  
Chapter 4  Page 142 
 
 
Figure 4.16: Line profiles of current shunts in LBIC images before and after ageing. 
 
Figure 4.17: (a) SEM image of an aggregate and surrounding film using 
backscattered electrons. (b) The same image after FFT and thresholding with 
nanoparticles highlighted. 
The measurements suggest therefore that there are two contributory factors to the 
loss in device efficiency during the fast burn-in period. Firstly, the appearance of 
additional Pd defects acting as current shunts are likely to reduce device efficiency. 
Secondly however, the observed reduction in the PL emission intensity that is 
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observed in regions far from the Pd defect and accompanied by a reduction of Voc 
and FF indicates an accompanying oxidation process that is consistent with the 
formation of sub-bandgap states. It has been shown previously that the generation 
of such states is a primary mechanism for the burn-in loss of PCDTBT:PC70BM solar 
cells [24]. These sub-bandgap states are therefore likely to be independent of Pd 
content, and is the main cause of the burn-in for low Pd content devices. 
4.3: The Effects on PFD2TBT-8:PC70BM Photovoltaic Devices 
In order to highlight the need to investigate individual polymers when determining 
the effects of residual catalyst on photovoltaic performance, another polymer 
system, poly[9,9-dioctylfluorene-4,7-alt-(5,6-bis(octyloxy)-4,7-di(2,2′-bithiophen-
5-yl)benzo[c][1,2,5]thiadiazole)-5,5-diyl] (PFD2TBT-8) was investigated. Here, a 
stock batch of polymer with a Pd concentration of 630 ppm was polluted and 
cleaned using the same methods as with the PCDTBT, producing a ‘Pd polluted’ 
batch having a Pd concentration of 3300 ppm and a ‘clean’ batch having a Pd 
concentration of 4 ppm.  
As with the PCDTBT, the different batches were mixed in varying ratios to produce 
intermediate Pd concentrations. Specifically, the cleaned and stock batch were 
mixed in ratios of 4:1, 3:2, 2:3, and 1:4, creating samples assumed to have 130, 250, 
380, and 505 ppm Pd respectively. Additionally, the stock and polluted batch were 
mixed at a ratio of 1:1, creating a sample with 1970 ppm Pd. These polymer 
samples, along with the clean, stock, and polluted batches were used to fabricate 
OPV devices (4 for each Pd content). The average J-V curves for these devices are 
shown in Figure 4.18, with the extracted device metrics presented in Table 4.4. The 
device metrics are further plotted in Figure 4.19 as a function of Pb concentration, 
normalised to the values at the lowest concentration. 
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Figure 4.18: J-V curves of PFD2TBT-8:PC70BM devices fabricated with different 
palladium concentrations.  
 
Figure 4.19: Changes in device metrics plotted as a function of palladium content, 
with data normalised to metrics determined from devices containing the lowest 
concentration of Pd. The lines are a guide for the eye. 
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Pd Content 
(ppm) 
PCE 
(%) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
Rsh 
(Ωcm2) 
Rs 
(Ωcm2) 
4 
6 65 -10.0 0.92 1060 9.0 
± 0.2 ± 1 ± 0.3 ± 0.004 ± 80 ± 0.2 
130 
5.8 63 -10.0 0.91 1040 9.7 
± 0.1 ± 1 ± 0.2 ± 0.003 ± 80 ± 0.3 
250 
5.8 63 -10.0 0.91 1000 9.4 
± 0.2 ± 1 ± 0.2 ± 0.004 ± 90 ± 0.3 
380 
6.1 66 -10.2 0.91 1070 8.4 
± 0.1 ± 1 ± 0.2 ± 0.004 ± 90 ± 0.4 
505 
5.9 64 -10.1 0.91 1070 9.1 
± 0.2 ± 2 ± 0.1 ± 0.003 ± 50 ± 0.7 
630 
5.7 63 -10.1 0.91 1020 9.6 
± 0.1 ± 2 ± 0.2 ± 0.002 ± 100 ± 0.2 
1970 
5.4 62 -9.7 0.9 940 11.0 
± 0.1 ± 1 ± 0.3 ± 0.003 ± 80 ± 0.6 
3300 
5.1 59 -9.7 0.89 860 12.8 
± 0.2 ± 1 ± 0.4 ± 0.009 ± 70 ± 0.6 
 
Table 4.4: Mean device results and standard deviations for power conversion 
efficiency, fill factor, short circuit current density, open circuit voltage, and shunt 
and series resistance, extracted from J-V curves for PFD2TBT-8 containing a range 
of palladium concentrations. 12 devices were used to calculate the mean and 
standard deviations for each Pd content. 
In contrast to PCDTBT, the metrics of PFD2TBT-8 devices with Pd concentrations 
below 630 ppm do not significantly differ, and the PCE of the highest Pd 
concentration (3300 ppm) is only reduced by ~15% relative to PCE of the lowest 
Pd concentration (5.08% and 5.98% respectively), compared to the ~50% 
reduction of PCDTBT. The losses occur in the same device metrics as with PCDTBT, 
and the Rsh and Rs are the most affected device metrics, suggesting, as discussed in 
Section 2.2, increased shunt pathways, recombination rates, or changes in energy 
level alignment through the high Pd devices. Regardless of which mechanisms are 
at work, it is apparent that Pd has significantly less of an effect on PFD2TBT-8 than 
PCDTBT. 
This suggests that PDF2TBT-8 has a much greater tolerance of to the presence of 
the Pd than PCDTBT. Indeed, this is further evidenced by the lack of aggregation 
observed in PFD2TBT-8 devices, as can be seen in Figure 4.20. It is possible that 
the solubilising alkyl chains present on the benzothiadiazole of PFD2TBT-8 inhibit 
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the Pd from pulling the polymer out of solution, preventing the formation of 
polymer aggregates and short circuits within the devices.  
 
Figure 4.20: (a) Photograph of PFD2TBT-8 OPV devices containing 4, 630, and 
3300 ppm Pd from left to right respectively. (b) and (c) optical microscope images 
PFD2TBT-8:PC70BM films containing 4 and 3300 ppm Pd respectively.  
This tolerance is also seen in stability measurements of PFD2TBT-8 based OPV 
devices. In Figure 4.21, the evolution of the PCE, FF, Jsc, and Voc of PFD2TBT-
8:PC70BM OPV devices over 300 hours of continuous illumination is presented. It 
can be seen in figure 4.21(a) that the PCE for lower Pd concentrations (<630 ppm) 
degrades by ~70%, whilst the PCE for higher Pd concentrations (>630 ppm) 
decreases by ~80%. As with PCDTBT, this difference primarily arises during the 
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burn-in period (the first 125 hours), however the effect is significantly less 
pronounced for PFD2TBT-8.  
 
Figure 4.21: (a) PCE, (b) FF, (c) Jsc, and (d) Voc of PFD2TBT-8:PC70BM OPV devices 
with a range of Pd concentrations over 300 hours of continuous illumination.  
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In contrast to PCDTBT, the metric influencing this difference is the Jsc, with 
decreases of 60% for high Pd concentrations and only 40% for low Pd 
concentrations. As discussed in Section 2.3.6, this indicates an increase in the rate 
of photobleaching of devices containing higher Pd concentrations, reducing the 
absorption characteristics of devices. Interestingly, the Voc of the device containing 
the highest concentration of Pd (3300 ppm) actually increases over the first 50 
hours (after an initial rapid decrease) to ~105% of the initial value before 
stabilising. This has been seen previously for OPV devices using PEDOT:PSS as a 
hole transport layer, where it was speculated to be caused by changes in the work 
function of PEDOT:PSS due to charge transfer [23]. It is possible that the PFD2TBT-
8 film can only contain a certain quantity of Pd, and the excess may undergo 
diffusion to the PEDOT:PSS during ageing, potentially resulting in changes to the 
work function of the hole transporting layer. 
 
Figure 4.22: T80 lifetimes for different palladium content PFD2TBT-8 devices 
calculated from the PCE lifetime curves. 
As with the PCDTBT devices, T80 lifetimes have been calculated from the lifetime 
data of PFD2TBT-8 devices with differing Pd concentrations. This data is shown in 
Figure 4.22. Similarly to PCDTBT, the presence of Pd does not appear to have a 
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significant impact on the T80 lifetime of PFD2TBT-8 devices, with lifetimes of 270 ± 
10 hours for the lowest Pd content (4 ppm) and 240 ± 10 hours for the highest Pd 
content (3300 ppm). Interestingly, devices with a small amount of Pd (130 ppm) 
exhibit the longest T80 lifetimes, giving 350 ± 30 hours.  
4.4: Conclusions 
The effect of residual palladium-catalyst left over from the synthesis of the 
polymers PCDTBT and PFD2TBT-8 on their efficiency when fabricated into 
polymer:fullerene solar cells has been explored. It was found that the Pd has a 
significant effect of device efficiency, with PCE reduced by almost 50% from 4.55% 
to 2.42% due to the presence of 2570 ppm of Pd (relative to the mass of PCDTBT). 
This is attributed to the presence of the Pd that self-assembles into 15 nm 
nanoparticles that are then bound by the PCDTBT polymer into larger sized 
aggregates (>10 m). Laser beam photocurrent mapping was used to demonstrate 
that such aggregates are associated with reduced photocurrent within the device 
and thus act as short-circuits that result in additional leakage pathways between 
the anode and cathode that conduct charge. On ageing the devices, a number of 
additional current shunts appear; an effect that believed to contribute to a loss in 
device efficiency. Larger shunts do not change in size during ageing, a process that 
likely results from the immediately surrounding film having a locally reduced Pd 
content due to having already been incorporated into the shunt. 
PFD2TBT-8, however, showed a much greater tolerance to the presence of a 
residual palladium catalyst, with PCE decreasing by only 15% from 5.98% to 
5.08% at a Pd concentration of 3300 ppm. With concentrations below 630 ppm, 
however, there was no significant decrease in the PCE of devices. This is speculated 
to be due to the improved solubility of PFD2TBT-8 preventing the Pd from pulling 
the polymer out of solution and forming aggregates that act as short-circuits. 
Furthermore, the operational stability of PFD2TBT-8 devices is not affected by the 
presence of Pd as significantly as PCDTBT, with slightly decreased stability of the 
Jsc.  
These measurements thus highlight the need to remove Pd from PCDTBT after 
polymer synthesis, as it is responsible for both reduced device efficiency and 
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enhanced device degradation, as well as the need to investigate individual 
polymers for their tolerance to impurities. 
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Chapter 5 
The Operational Stability of Inverted 
Architecture Perovskite Solar Cells 
 
 
 
5.0: Introduction 
As discussed in Chapter 2 (section 2.4), perovskite solar cells (PSCs) have now 
reached power conversion efficiencies (PCEs) in excess of 20% [1], a value 
comparable to commercial silicon solar cells. This has caused an increased interest 
in the stability and lifetime of PSCs, as this is one of the most important steps 
towards the commercialisation of the technology. Most of this work, however, has 
been conducted on ‘standard’ architecture devices (Chapter 2, section 2.4.1.3). In 
this chapter, work is presented on the lifetime of the mixed halide perovskite, 
CH3NH3PbI3-xClx, in ‘inverted’ architecture devices utilising materials commonly 
used for this architecture (full device structure: 
ITO/PEDOT:PSS/Perovskite/PC70BM/LiF/Al). Devices are subjected to 670 hours 
(4 weeks) of continuous illumination, during which the PCE was found to decrease 
significantly. A variety of techniques were employed to determine the cause of the 
degradation. This was attributed to the decomposition of the perovskite through 
reactions with oxygen and water, resulting in the formation of trap states within 
the perovskite.   
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5.1: Stability Measurements 
In Figure 5.1, the power conversion efficiency (PCE), fill factor (FF), short circuit 
current density (Jsc), and open circuit voltage (Voc) of four CH3NH3PbI3-xClx devices 
are plotted as a function of irradiance time. The data represented by lines was 
recorded using the Atlas CPS+ lifetime tester, whilst the data represented by 
symbols was taken using the calibrated Newport solar simulator (AM1.5, 100 
mW/cm2). All of the data is normalised to its initial value. As mention in Chapter 3, 
it is important to note that a spectral mismatch exists between the xenon lamp of 
the Atlas system and the solar spectrum, and no aperture mask was used when 
performing measurements, therefore the data is used only to highlight trends, with 
all J-V curves presented being taken using the Newport solar simulator.  
Over the course of the 670 hour test, the average PCE of devices decreased by 
approximately 80%, with the loss primarily originating from a ~70% reduction in 
the Jsc. The FF and Voc were affected to a lesser extent, decreasing by 10 – 20% and 
25 – 30% respectively. The trends seen in the data recorded using the Newport 
solar simulator are similar to those recorded using the Atlas system, although 
some difference in the FF was observed when recorded using the different 
systems. This is believed to originate from the fact that the temperature of the 
devices recorded using the Atlas system is slightly higher (37 vs 25 °C) [2]. 
The T80 lifetime of the devices are presented in Table 5.1, defined as the time taken 
to reach 80% of the PCE immediately after the burn-in period (160 hours), 
calculated from the data measured using the Atlas Suntest CPS+ system and the 
calibrated Newport solar simulator. It can be seen that the calculated T80 lifetimes 
determined by the two systems are in statistical agreement. The results indicate 
therefore that the devices have a T80 lifetime of 280 ± 20 hours. This is a shorter 
lifetime than those seen by Leitjins et al. [3], who observed 45% loss of PCE after 
200 hours of ageing, followed by very slow degradation over the subsequent 800 
hours, and Guarnera et al. [4], who observed a 5% decrease in PCE over 350 hours. 
However, these studies were conducted on standard architecture devices utilising 
a mesoporous scaffold, whilst the measurements here are for planar inverted 
architecture devices, with the only material in common between these studies 
being the perovskite, with differing charge transport layers and electrodes. 
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Burn-in time 
(hours) 
PCE after 
Burn-in (%) 
PCE loss over 
Burn-in (%) 
PCE loss over 
670 hours (%) 
T80 Atlas 
(hours) 
T80 Newport 
(hours) 
160 6.0 ± 0.6 39.0 ± 0.5 78 ± 2 260 ± 10 280 ± 20 
 
Table 5.1: PCE loss over burn-in period and whole test, and T80 lifetimes calculated 
using data from both the Atlas Suntest CPS+ and the calibrated Newport solar 
simulator. 
The J-V curves used to plot the data-symbols in Figure 5.1 are plotted in Figure 
5.2(a). The average device metrics before and after ageing are presented in Table 
5.2. It can be seen that a large decrease in the shunt resistance (Rsh) (from 1100 ± 
150 Ωcm2 to 460 ± 20 Ωcm2). As discussed in Section 2.2, this is indicative of an 
increase in leakage pathways and an increase in the energetic barriers to charge 
extraction. The change in Rs, along with the significant decrease in Jsc (-15.8 ± 0.4 
mA/cm2 to -6.1 ± 0.3 mA/cm2), indicating the creation of trap states within the 
active layer. Indeed, the decrease in Voc (0.92 ± 0.01 V to 0.69 ± 0.02 V) indicates an 
increase in charge carrier recombination rate within the device. It can also be 
observed that there is an increase in the level of hysteresis during the first week 
(168 hours), due to changes in the Jsc between forward and reverse scans, further 
indicating increases in interfacial recombination and the migration of ionic species 
within the active layer, as discussed in Section 2.4.6 [5–10]. 
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Figure 5.1: (a) PCE, (b) FF, (c) Jsc, and (d) Voc of four CH3NH3PbI3-xClx devices over 
670 hours of continuous illumination. Solid points are data taken using a calibrated 
solar simulator. All J-V scans were performed from -1 to 1 V.  
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Figure 5.2: (a) J-V curves and (b) EQE measurements for devices at different stages 
of the lifetime study. Squares in part (a) represent forwards scans, triangles 
represent backwards scans.  
Time 
(Hours) 
Scan 
Direction 
PCE 
(%) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
Rsh 
(Ω cm2) 
Rs 
(Ω cm2) 
0 
Forwards 
10.2  
± 0.5 
70  
± 2 
-15.8  
± 0.4 
0.92 
± 0.01 
1100 
± 150 
5.6  
± 0.3 
Backwards 
10.6  
± 0.4 
73  
± 1 
-16.0  
± 0.4 
0.91  
± 0.01 
1360 
± 350 
6.0  
± 0.5 
670 
Forwards 
2.0  
± 0.2 
50  
± 3 
-6.1  
± 0.3 
0.69  
± 0.02 
460 
± 20 
25  
± 6 
Backwards 
2.3  
± 0.4 
52  
± 3 
-6.7  
± 0.3 
0.69  
± 0.02 
530 
± 20 
23  
± 5 
 
Table 5.2: Mean device metrics and standard deviations for open circuit voltage, 
short circuit current density, fill factor, power conversion efficiency, and shunt and 
series resistance, extracted from J-V curves, for devices before and after ageing. 12 
devices were used to calculate the mean and standard deviations. 
Concomitant with the decrease in Jsc, a decrease in the external quantum efficiency 
(EQE) of the devices is observed, as shown in Figure 5.2(b), with the peak EQE 
value dropping from 80% to 33%. As discussed in Section 2.2, the EQE is 
dependent upon the absorption efficiency or charge transport and extraction 
properties of the perovskite, suggesting potential photobleaching or detrimental 
changes in the perovskite structure. The shape of the EQE curve also changes with 
time, as can be seen in Figure 5.3(a), with the peak photocurrent wavelength 
shifting from 468 nm to 432 nm. This is also accompanied by a shift in the band 
edge, shown in Figure 5.3(b), indicating changes in the energetic structure of the 
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perovskite, or possibly the introduction of new materials in the device with a 
smaller band gap than the perovskite, in turn impacting the absorption 
characteristics of the solar cell. Indeed, the relative loss of EQE at wavelengths 
greater than 500 nm is characteristic of an increase in the relative levels of PbI2 
within the device [11]. The peak EQE and the corresponding wavelengths are 
detailed in Table 5.3, along with the integrated and measured Jsc. 
 
Figure 5.3: (a) EQE data normalised to the peak value each week, highlighting the 
relative change in shape and loss of EQE at wavelengths longer than 500 nm. (b) 
Tauc plot of EQE band edge. Inset are the estimated values for the optical bandgap 
for each week. 
Time 
(Weeks) 
Peak EQE 
(%) 
Wavelength 
(nm) 
Integrated Jsc 
(mA/cm2) 
Measured Jsc 
(mA/cm2) 
0 81 468 16.8 16.0 
1 59 452 12.5 12.5 
2 47 440 10.1 10.6 
3 38 420 7.6 7.8 
4 33 432 6.3 6.7 
 
Table 5.3: Peak EQE and integrated Jsc taken each week during the lifetime study. 
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5.2: Determination of the Degradation Mechanisms 
Time resolved photoluminescence (TRPL) measurements were recorded on 
encapsulated films based on the structure ITO/PEDOT:PSS/CH3NH3PbI3-xClx both 
before illumination, and again after one and two weeks of continuous illumination 
as shown in Figure 5.4(a). Here, it can be seen that there is a drop in the charge 
carrier lifetime after one week (168 hours) of illumination. This effect could result 
from several different processes, including an increase in the density of trap states 
within the material, an increase in recombination rate and a decrease charge-
carrier mobility [12–14]. Each of these could result from a change in the chemical 
structure of the perovskite and the potential introduction of trap states that would 
result from this, particularly if the perovskite were to decompose into other 
materials, such as PbI2 as indicated by the change in EQE.  
A preliminary study regarding the effectiveness of the encapsulation system was 
also performed. Images of an unencapsulated and an encapsulated 
ITO/PEDOT:PSS/CH3NH3PbI3-xClx film are shown in Figure 5.4(b) and (c) 
respectively. After 16 hours of illumination, it can be seen that the unencapsulated 
films became yellow; a process characteristic of complete degradation of the 
CH3NH3PbI3-xClx to PbI2 [11,15]. In contrast the encapsulated films retained their 
original dark-brown colour characteristic of CH3NH3PbI3-xClx after two weeks of 
illumination. This illustrates that encapsulation is critical to preventing the 
complete device failure that would occur if the perovskite was exposed to ambient 
air and light, leading to decomposing into PbI2. 
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Figure 5.4: (a) Time resolved photoluminescence data for encapsulated 
ITO/PEDOT:PSS/ CH3NH3PbI3-xClx films taken before illumination and after one 
and two weeks of continuous illumination. (b) Unencapsulated 
ITO/PEDOT:PSS/CH3NH3PbI3-xClx after 16 hours of illumination. (c) Encapsulated 
ITO/PEDOT:PSS/CH3NH3PbI3-xClx after 330 hours of illumination. 
Optical images of the device before and after 670 hours of continuous illumination 
are shown in Figure 5.5(a) and (d) respectively. No obvious difference can be seen 
here, indicating no large scale morphological changes as a result of continuous 
operation. To probe the films for changes in spatially resolved photocurrent 
generation, laser beam induced current mapping was used before and after the 
ageing measurements with typical data plotted in Figure 5.5. Here, Figure 5.5(b) 
and (e) were recorded using a 405 nm laser before and after 670 hours of 
simulated solar irradiation. Figure 5.5(c) and (f) similarly plot data recorded using 
a 670 nm laser both before and after irradiation respectively. Unfortunately, the 
spatial location on the device surface of the measurements recorded 670 hours 
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apart is different. The photocurrent maps can, however, be analysed by plotting a 
histogram of the photocurrent recorded across the device, with all histograms 
normalised to their peak photocurrent. This is shown in Figure 5.5(g) and (h) for 
devices imaged at 405 and 670 nm respectively, with each figure plotting 
histograms for devices both before and after irradiation.  
It can be seen that there is a decrease in the uniformity of current generation, with 
the standard deviation of the photocurrent data increasing from 4.2 ± 0.7% to 7.4 ± 
0.9%, and 4.0 ± 0.3% to 7.2 ± 0.9% when imaged at 405 and 670 nm respectively. 
Furthermore, it can be seen in Figure 5.5(i) and (j), histograms of the absolute 
values of the LBIC data, that there is a significant drop in the photocurrent of the 
device after ageing for both wavelengths, concomitant with the decrease in Jsc 
observed in Figure 5.1. This reveals that degradation of the perovskite occurs 
equally both towards the PEDOT:PSS interface and within the bulk of the film, 
indicating that the degradation is a bulk process. It is apparent, however, that the 
degradation is not uniform across the film, with some areas more susceptible to 
degradation than others. It is possible that this is due to thickness variation within 
the film. Larger scale LBIC images covering whole devices were recorded after 
ageing and are shown in Figure 5.6. The photocurrent was found to be relatively 
homogeneous across most devices, however an area at the edge of one device 
exhibited very low current generation, possibly due to complete degradation of the 
perovskite. To check whether damage to the LiF/Al cathode occurred during the 
lifetime test, images of the cathode were recorded using an optical microscope 
both before and after imaging, shown in Figure 5.7, however no obvious 
delamination or formation of pin-holes was observed. 
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Figure 5.5: Laser beam induced current maps of devices before and after 670 hours 
of operation.  Parts (a) and (d) show optical images of films before and after ageing 
respectively. Parts (b) and (e) were acquired using a 405 nm laser, before and after 
ageing respectively. Parts (c) and (f), were acquired using a 670 nm laser, before 
and after ageing respectively. Parts (g) and (h) are histograms of the normalised 
data shown in parts (b) and (e), and (c) and (f) respectively. The data in parts (g) 
and (h) are shown without normalisation in parts (i) and (j) respectively. 
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Figure 5.6: Laser beam induced current maps of four devices after the 670 hour 
stability test, taken using a 405 nm laser and normalised to the peak photocurrent. 
The scale bar represents 1 mm. A 10x microscope objective was to create a 10 μm 
laser spot, and the stages were moved in 50 μm increments. 
 
Figure 5.7: 10x microscope images of the Al cathode of (a) fresh and (b) aged 
devices. The scale bar represents 10 μm. 
Due to the significant decrease in Jsc, reduction of the EQE primarily at wavelengths 
>500 nm, and decrease in charge carrier lifetime, the main cause of degradation is 
attributed to reactions with water and oxygen in the presence of light, resulting in 
the decomposition of the perovskite into methylamine (CH3NH2), hydroiodic acid 
(HI), iodine, water, and PbI2 [15–18]. As the observed degradation occurs over a 
much longer period of time for encapsulated devices than it does for un-
encapsulated devices, the water and oxygen required for this degradation process 
are concluded to be present in the device before encapsulation. Indeed, 
polymer:fullerene devices using calcium/aluminium cathodes have previously 
been reported as having lifetimes over 1 year when using the same encapsulation 
system, making it unlikely that the degradation catalysts are entering the device 
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through the encapsulation [19]. Furthermore, the devices would have shown more 
degradation at the edges than the centre if the catalysts were diffusing through the 
encapsulation, which is not seen in Figure 5.6. This inherent moisture could be 
strongly bound in the PEDOT:PSS, which is known to be highly hygroscopic [20], 
and may be released during the test due to the light and elevated temperatures, as 
shown in Figure 5.8. It has also been reported that CH3NH3PbI3-xClx perovskite can 
contain hygroscopic methylammonium lead chloride, as described in Section 2.4.7, 
which would introduce another source of water within the device [21]. As the 
changes in spatially resolve current are similar for both the surface and bulk of the 
perovskite, it is possible that the water can travel along grain boundaries of the 
perovskite crystals before reacting and decomposing the perovskite. It should be 
noted that as methylamine and HI are soluble in water and volatile, they would 
normally escape an unencapsulated CH3NH3PbI3-xClx film leaving a PbI2 film. 
However, the encapsulation used here is likely to significantly reduce the rate at 
which these species escape, allowing them to remain in the film. As they remain in 
the film, they can act as charge trapping sites, which could explain the observed 
reduction in charge carrier lifetime in Figure 5.4. Indeed, the highest occupied 
state of methylamine and the lowest occupied state of HI exist within the band gap 
of the perovskite [22], enabling the trapping of holes and electrons respectively. 
 
Figure 5.8: Schematic diagram of proposed degradation mechanism. (a) Water is 
absorbed into the PEDOT:PSS after deposition and strongly bound there. (b) The 
perovskite deposited onto the PEDOT:PSS traps the water in the layer during the 
subsequent steps of device fabrication. (c) Light heats up the device, enabling the 
water to diffuse into the perovskite and react, causing decomposition. 
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5.3: Conclusions 
It has been shown that the operation stability of encapsulated CH3NH3PbI3-xClx 
based perovskite solar cells utilising an inverted architecture is approximately 280 
hours. The main cause of the degradation is likely to result from a reaction with 
water and oxygen that was introduced into the device during fabrication, probably 
strongly bound in the hygroscopic PEDOT:PSS hole-extraction layer. This water 
was then able to diffuse into the perovskite layer due to the elevated temperature 
of the continuous illumination. After reaching the perovskite, the water, together 
with residual oxygen is assumed to facilitate the decomposition of the perovskite 
into methylamine, hydoiodic acid, iodine, water, and PbI2. As the escape of 
methylamine and hydoiodic acid from the device will be hindered due to the 
encapsulation, they may also act as a non-radiative recombination centres, 
reducing charge transport properties and thus reducing device Jsc. The data in this 
chapter will be referred to in the subsequent chapters as a point of comparison. 
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Chapter 6 
The Effects of Hydroiodic Acid 
Additive on the Performance and 
Stability of Spray and Spin Coated 
Perovskite Solar Cells 
 
6.0: Introduction 
Spin coating is the primary fabrication method used for the fabrication of 
perovskite solar cells (PSCs), however, the ideal fabrication technique would be a 
more scalable technique, compatible with roll-to-roll manufacturing. Due to the 
high power conversion efficiencies exhibited by state-of-the-art PSCs (over 20%, 
see Chapter 2, section 2.4), it has become important to investigate the possibility of 
using such techniques to produce efficient and stable PSCs. In this chapter, work is 
presented on the stability of ‘inverted’ architecture devices (using the same 
structure as the devices in Chapter 5) in which the mixed halide perovskite 
CH3NH3PbI3-xClx has been deposited via ultrasonic spray coating, a roll-to-roll 
compatible deposition technique. Two different precursor solutions were used for 
the perovskite layer, the first being the standard solution for air processing, albeit 
at a lower concentration (optimised for spray coating), and the second containing 
1 vol% hydroiodic acid (HI) as an additive in an attempt to improve the solubility 
of the precursor materials. The PSCs were subjected to 670 hours (4 weeks) of 
continuous illumination, with J-V curves taken using a calibrated solar simulator 
and EQE measurements performed every week. Similar experiments were then 
performed for devices fabricated via spin coating, to find out if the improvements 
observed in spray coated devices transferred to other deposition methods. The 
results in this chapter will be compared to those for spin coated PSCs presented in 
Chapter 5 to enable evaluation of spray coating and use of the HI additive. 
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6.1: Spray Coating 
All of the devices in this chapter had a perovskite layer deposited via a PRISM 
ultrasonic spray coater from Ultrasonic Systems Inc. Substrates with a 100 nm pre-
patterned layer of ITO and a 35 nm spin coated PEDOT:PSS layer were placed on a 
70°C hotplate beneath the spray coater. A 1:3 PbCl2:MAI perovskite precursor 
solution with a total solid concentration of 200 mg/ml was fed onto the tip of the 
spray coater, which was vibrated at 35 kHz and held 40 mm above the substrates 
during deposition. A gas pressure of 10 psi was used to direct and planarise the 
spray generated by the ultrasonic tip as the spray head was passed over the 
substrates. A single pass of 150 mm at a speed of 220 mm/s was used to form the 
perovskite precursor film before the substrates were transferred to a hotplate held 
at 90°C for annealing. All other layers in the devices were fabricated as described 
in Chapter 3. Devices with a spray coated perovskite layer were fabricated by 
David Mohamad of the Department of Physics and Astronomy, University of 
Sheffield. 
 
Figure 6.1: (a) The head of the spray coater with the ultrasonic tip, and solution 
and shaping gas feeds highlighted. (b) Spray coater head in operation. 
6.2: Initial Spray Coated Device Performance 
Initial attempts to spray coat the CH3NH3PbI3-xClx were met with very variable 
results and poor surface coverage. It was noticed that solutions heated for longer 
periods of time often performed better, hinting at possible solubility issues of the 
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precursor materials causing the variation in results. The addition of HI to the 
precursor solution of formamidinium lead triiodide perovskite has been shown to 
improve the performance in standard architecture devices due to improved 
surface coverage. This was speculated to be due to improved solubility of the 
precursor materials [1]. Therefore it was decided to try adding HI to the precursor 
solution of CH3NH3PbI3-xClx to see if improved device performance could be 
attained for spray and spin coated inverted architecture devices. It should be noted 
that the added HI was a 57% solution with DI water. 
In Figure 6.2(a) and (b), the average J-V curves of PSCs fabricated via spray coating 
without and with a HI additive respectively are presented. The metrics 
corresponding to these curves are given in Table 6.1. With the addition of HI there 
is an improvement in the PCE from 8.4 ± 0.4% to 10.4 ± 0.3%, a value comparable 
to the performance of the spin coated devices in Chapter 5. This enhancement is 
primarily a result of an increased short circuit current density, Jsc, from -13.5 ± 0.1 
to 16.7 ± 0.1 mA/cm2 with the addition of HI. Increases in Jsc can be attributed to 
improved light absorption of the active layer [2,3], or improved charge carrier 
generation, transport, and extraction efficiency [4]. Interestingly, the FF slightly 
decreased with the addition of HI, indicating that the improved Jsc is more a result 
of improved absorption than charge carrier dynamics, due to the dependence of 
the FF on the electronic properties of a device (such as Rsh and Rs, see Section 2.2). 
 
Figure 6.2:  J-V curves of spray coated PSCs (a) without and (b) with the HI additive 
at different stages during the lifetime study. Squares represent forwards scans, 
triangles represent backwards scans. 
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Additive 
Scan 
Direction 
PCE 
(%) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
Rsh 
(Ω cm2) 
Rs 
(Ω cm2) 
No 
Forwards 
8.2 
± 0.4 
72 
± 2 
-13.4 
± 0.1 
0.87 
± 0.01 
1380 
± 230 
6.0 
± 0.2 
Backwards 
8.4 
± 0.4 
73 
± 1 
-13.5 
± 0.1 
0.87 
± 0.01 
1880 
± 500 
5.9 
± 0.2 
Yes 
Forwards 
10.0 
± 0.3 
68 
± 2 
-16.7 
± 0.1 
0.89 
± 0.01 
1850 
±750 
5.2 
± 0.3 
Backwards 
10.4 
± 0.3 
70 
± 2 
-16.7 
± 0.1 
0.89 
± 0.01 
2190 
± 620 
5.0 
± 0.2 
 
Table 6.1: Mean device metrics and standard deviations for open circuit voltage, 
short circuit current density, fill factor, power conversion efficiency, and shunt and 
series resistance, extracted from J-V curves, for spray coated devices without and 
with the HI additive. 12 devices were used calculate the mean and standard 
deviations for both device types. 
 
Figure 6.3: EQE of spray cast devices (a) without and (b) with the HI additive at 
different stages during the lifetime study. 
Concomitant with the increases in Jsc, there is an increase in the external quantum 
efficiency (EQE) of the devices with HI over those without, as shown in Figure 6.3. 
In particular, there is a large dip in the EQE spectrum for spray cast devices 
without HI at approximately 640 nm which is not present in the EQE of devices 
with HI. Given this strong spectral difference between the EQE measurements, it is 
apparent that light absorption efficiency plays a larger role than changes to the 
charge carrier dynamics in the observed improvement of the Jsc, suggesting that 
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the addition of HI to the precursor solution leads to improved light absorption for 
the subsequent perovskite film.  
The improved light absorption observed in PSCs fabricated with the HI additive 
could arise from improved conversion of the precursor materials into perovskite 
crystals. Indeed, this may account for the observed dip in the EQE spectrum of 
devices without the additive. This could be a result of the additive improving the 
solubility of the precursors, enabling better control over the material ratios which 
are deposited. This improved solubility could be a result of the additional HI 
altering the Hansen Solubility Parameters of the solvent mixture, making them 
more favourable for dissolution of MAI and PbCl2 [5,6]. Surface coverage of the 
perovskite layer may also be increased, which would improve the overall 
absorption efficiency of the device, and hence the Jsc and EQE [7]. Indeed, this is 
consistent with the findings for use of the additive in standard architecture 
formamidinium lead triiodide perovskite solar cells [1]. Furthermore, this has also 
been observed with the additive 1-chloronaphthalene, where the absorption was 
enhanced through the reduction of pinholes and voids in the film [8]  and with the 
addition of 1,8-diiodooctane, which improved the crystallisation of the perovskite 
[9].  
Optical images of spray coated perovskite films fabricated without and with the HI 
additive are shown in Figure 6.4(a) and (d) respectively. It can be seen that there is 
a significant difference between these films, with what appears to be a large scale 
structure existing in the film fabricated without HI. In the film fabricated with HI 
the film appears to be more uniform, indicating that the addition of HI significantly 
impacts the formation of the perovskite film, potentially enabling more favourable 
crystal formation. It does not appear that the surface coverage is affected on a large 
scale, as no pinholes or voids are visible in either of the images. However, this may 
still have occurred on a smaller length scale, and would need to be investigated 
using a higher resolution technique, such as SEM. 
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Figure 6.4: Laser beam induced current maps for spray cast devices.  Parts (a) and 
(d) show optical images of films fabricated without and with HI respectively. Parts 
(b) and (e) were acquired using a 405 nm laser, without and with HI respectively. 
Parts (c) and (f), were acquired using a 670 nm laser, without and with HI 
respectively. Parts (g) and (h) are histograms of the normalised data shown in 
parts (b) and (e), and (c) and (f) respectively (N/A = No Additive, A = Additive). 
The data in parts (g) and (h) are shown without normalisation in parts (i) and (j) 
respectively.  
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Laser beam induced current (LBIC) mapping was used to investigate differences in 
spatially resolved photocurrent generation of the PSCs, and is plotted in Figure 6.4. 
A 405 nm laser was used to collect the data in Figure 6.4(b) and (e), corresponding 
to devices without and with the HI additive respectively. The data in Figure 6.4(c) 
and (f) was acquired using a 670 nm laser, and similarly corresponds to devices 
without and with the HI additive respectively. Histograms of the data for the 405 
nm and 670 nm laser are shown in Figure 6.4(g) and (h) respectively to allow 
clearer comparison between the different devices. 
It can be seen that there is a small increase in the uniformity of current generation 
at 405 nm for the devices with the additive over those without, with the standard 
deviation of the data decreasing from 3.9 ± 0.1% to 3.3 ± 0.1% respectively. 
Interestingly, this is not true at 670 nm, with uniformity of current generation 
appearing to decrease slightly for devices with the additive, with the standard 
deviation increasing from 2.7 ± 0.1% to 3.1 ± 0.04% for devices without and with 
the additive respectively. This implies that the HI may be introducing 
recombination pathways whilst improving the surface coverage. The histograms in 
Figure 6.4(i) and (j) are of the absolute values for the LBIC data. It can clearly be 
seen that there is an increase in the photocurrent when HI is added to the 
precursor solution. This increase is significantly greater in the bulk of the 
perovskite than near the PEDOT:PSS interface, consistent with the changes 
observed in the EQE spectra, further suggesting improvements in the optical and 
electronic properties of the perovskite, as discussed in Section 2.2.  
It is important to note, however, that despite being able to achieve comparable 
performance to spin coated PSCs, spray coated PSCs fabricated with HI suffer from 
film uniformity issues. This is highlighted in Figure 6.5, where LBIC maps of 
devices with the perovskite deposited through spin coating and spray coating 
taken using a 405 nm laser are compared. Here, Figure 6.5(a) and (b) show large 
area, low resolution (50 μm per point) LBIC maps for spin and spray coated 
devices respectively, with line profiles through the centre of each set of devices 
shown in Figure 6.5(e).  
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Figure 6.5: (a) and (b) are low resolution (scale bar represents 1 mm) LBIC maps 
over 4 devices for spin and spray coated devices respectively. (c) and (d) are high 
resolution (scale bar represents 20 μm) LBIC maps of the marked areas in (b). Line 
profiles of (a) and (b) are shown in (e). A histogram of the data in (c), (d), and a 
spin coated device, is shown in (f). 
It can clearly be seen that the photocurrent generation across the spin coated 
devices is relatively uniform, whilst there is significant variation across the spray 
coated devices. These fluctuations can be seen on a smaller scale in Figure 6.5(c) 
and (d), which show high resolution (1 μm per point) LBIC maps of the labelled 
areas of the spray cast device in Figure 6.5(b). This data is summarised and 
compared with data from a spin coated device in the histogram in Figure 6.5(f). 
The standard deviation of the data for the spin coated device was 1.8%, whilst the 
standard deviations of the data for the spray coated devices in Figure 6.5(c) and 
(d) were 9.4% and 24% respectively. It is speculated that such large-scale 
fluctuations in the spray coated perovskite films result from local thickness 
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variations in the initial precursor film, caused by turbulence in the air flow used to 
direct the spray onto the substrate. This film is unable to reorganise due to the fast 
drying rates required when using this deposition technique, resulting in the 
thickness fluctuations being effectively set into the final dry film [10]. It therefore 
appears that the electrical properties of the spray cast films fabricated with HI are 
superior to those of the spin cast films, as the device performances are comparable 
despite the significant inhomogeneity of photocurrent generation in the spray cast 
film.  
6.3: The Stability of Spray Coated Perovskite Solar Cells 
The PCE, FF, Jsc, and Voc of spray coated PSCs fabricated with and without the 
additive are plotted as a function of irradiance time in Figure 6.6. Similarly to 
Chapter 5, the data represented by lines was taken using the Atlas CPS+ lifetime 
testing system, whilst the data represented by points was recorded using a 
calibrated Newport solar simulator (AM1.5, 100 mW/cm2), with all data 
normalised to their initial values.  
During the 670 hours of illumination the average PCE of spray coated devices 
without HI decreased by 79 ± 2%, whereas the PCE of those with HI decreased by 
72 ± 2%. For both sets of devices, the observed losses were primarily caused by a 
67 ± 1% decrease in the Jsc. The improved stability of the spray coated devices 
utilising the HI additive originates from increased stability of the FF and Voc. Here, 
FF decreases by 13 ± 4% and the Voc by 3 ± 1% over the 670 hour period, whereas 
in the spray coated devices without HI the FF and Voc degrade by 25 ± 1% and 12 ± 
2% respectively. As with the spin coated devices in Chapter 5, the PCE and Voc 
taken using both the Atlas lifetime tester and Newport solar simulator are in good 
agreement, whilst there is some difference in the FF and Jsc. Again, this is likely a 
result of differences in the temperature of the two systems [11]. 
The T80 of the spray coated devices both with and without HI is difficult to quantify 
as the lifetime PCE plot is curved for almost the entire duration of the test. Despite 
this, it is clear that spray coated devices, like the spin coated devices in Chapter 5, 
have short lifetimes and will likely completely degrade within a matter of months.  
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The evolution of the J-V curves corresponding to the points in Figure 6.6 are shown 
in Figure 6.2, with device metrics at the end of the lifetime test presented in Table 
6.2. It can be seen that Rs increases for devices both with and without the additive. 
The increase is much more significant in the devices without the additive, (39.9 ± 
3.7 Ω cm2), than in those without (18.1 Ω cm2), indicating the formation of fewer 
trapping sites within the perovskite fabricated using HI. It should be noted that 
whilst HI can act as a trapping site, it is volatile and is removed from the perovskite 
during the annealing process. Indeed, as the Voc as measured by the calibrated 
Newport solar simulator after continuous illumination is identical to the value 
before the test (0.89 ± 0.01 V), it is more likely that the increase in Rs for devices 
with HI originates from an increase of interfacial resistance between the transport 
layers and the perovskite. Therefore, it appears that the perovskite fabricated with 
HI exhibits a greater degree of chemical stability than the perovskite fabricated 
without HI, as the decomposition products, such as methylamine and HI, have been 
shown to act as trapping sites [12], leading to losses of Voc and increases of Rs.  
Additive 
Scan 
Direction 
PCE 
(%) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
Rsh 
(Ω cm2) 
Rs 
(Ω cm2) 
No 
Forwards 
1.4 
± 0.2 
43 
± 1 
-4.6 
± 0.2 
0.77 
± 0.02 
540 
± 70 
43.6 
± 3.6 
Backwards 
1.5 
± 0.3 
45 
± 1 
-4.7 
± 0.1 
0.77 
± 0.02 
610 
± 60 
39.9 
± 3.7 
Yes 
Forwards 
3.4 
± 0.2 
47 
± 1 
-8.1 
± 0.4 
0.89 
± 0.01 
380 
± 20 
20.4 
± 0.8 
Backwards 
4.0 
± 0.1 
49 
± 1 
-9.1 
± 0.4 
0.89 
± 0.01 
440 
± 30 
18.1 
± 0.6 
 
Table 6.2: Mean device metrics and standard deviations for open circuit voltage, 
short circuit current density, fill factor, power conversion efficiency, and shunt and 
series resistance, extracted from J-V curves, for spray coated devices without and 
with the HI additive. 12 devices were used calculate the mean and standard 
deviations for both device types. 
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Figure 6.6: (a) PCE, (b) FF, (c) Jsc, and (d) Voc of spray coated PSCs without and with 
the HI additive over 670 hours of continuous illumination. Solid points are data 
taken using a calibrated solar simulator. All J-V scans were performed from -1 to 1 
V.  
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Interestingly, there is an increase in the level of hysteresis of J-V curves for the 
PSCs fabricated with the additive, which does not occur for the devices fabricated 
without HI. The hysteresis arises from a ~10% difference in the Jsc for forward and 
reverse J-V scans, indicative of increases in interfacial recombination  and  ionic 
species migration within the active layer [13–18], as discussed in Section 2.4.6.  
Figure 6.3 presents the evolution of the EQE over the course of the lifetime study. 
For devices both with and without the additive, the peak EQE decreases over the 
670 hours of continuous illumination. However, the relative decrease is much 
greater for devices without the additive, where the peak EQE decreased by ~65% 
after 670 hours, than those with the additive, where the peak EQE decreased by 
~45%. The evolution of the spectral shape also differs between the devices, as 
shown in Figure 6.7, with the shape remaining approximately the same for devices 
without the additive, whilst there are relative losses in the EQE at higher 
wavelengths (>600 nm) for devices with the additive. As explained in Chapter 5, 
losses in EQE at wavelengths greater than 500 nm are indicative of chemical 
breakdown of the perovskite crystal into PbI2, among other compounds [19].  
 
Figure 6.7: Normalised EQE curves for spray coated devices fabricated (a) without 
and (b) with the HI additive. 
Comparing these devices to those fabricated using spin coating in Chapter 5, it is 
interesting that the spray coated devices utilising the HI additive proved to be the 
most stable. Whilst the spin coated devices ended the lifetime test with a PCE of 2.3 
± 0.4% (~20% of initial performance), spray coated devices with HI retained 4.0 ± 
0.1% (~40% of initial performance). This is due to greater stability of the Jsc and 
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Voc of the spray coated devices over the spin coated devices. As with the differences 
observed between spray coated devices with and without the additive, this may be 
due improved precursor conversion due to the presence of HI, affording the 
perovskite a greater degree of chemical stability. This would also explain the 
comparable efficiencies of spray coated devices utilising HI and spin coated 
devices, despite the observed large scale uniformity issues. It is therefore possible 
that using the HI additive in spin coated devices could improve over performance, 
as well as potentially improving the stability of such devices.  
6.4: The Effects of the Additive on Spin Coated Devices 
Due to the success of the HI additive in spray coated devices, it was used in spin 
coated devices to see if similar improvements could be achieved. As with the spray 
coated devices, 1 vol% HI was added to the perovskite precursor solution before 
deposition. The average J-V curve for the resultant devices is shown in Figure 6.8, 
with average metrics presented in Table 6.3. It can be seen that the PCE is 
significantly improved, increasing from 10.6 ± 0.4% (see Chapter 5) to 13.2 ± 0.6%. 
Similarly to the spray coated devices, this is primarily due to an enhancement of 
the Jsc to -18.8 ± 0.2 mA/cm2, a 17.5% increase compared to devices fabricated 
without the additive in Chapter 5. There are also small improvements in the Voc 
and Rs, indicating reduced charge trapping and recombination within the 
perovskite film. 
Again, the improvements in the Jsc can be seen in the EQE of these devices over 
those in Chapter 5, with increases in EQE across all wavelengths, as shown in 
Figure 6.9(a). It is worth noting that a small dip in the EQE around 700 nm present 
in the EQE of devices without HI (Chapter 5) is reduced with the addition of the HI 
additive. This is similar to the improvements in the spray coated devices, and likely 
arises from the same mechanisms as with the spray coated devices; improved 
perovskite formation or surface coverage due to better precursor material control.  
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Figure 6.8: J-V curves of spin coated PSCs with the HI additive at different stages 
during the lifetime study. Squares represent forwards scans, triangles represent 
backwards scans.  
Time 
(Hours) 
Scan 
Direction 
PCE 
(%) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
Rsh 
(Ω cm2) 
Rs 
(Ω cm2) 
0 
Forwards 
12.4 
± 0.9 
69 
± 4 
-18.8 
± 0.2 
0.96 
± 0.01 
1580 
± 540 
5.1 
± 0.3 
Backwards 
13.2 
± 0.6 
73 
± 3 
-18.8 
± 0.2 
0.96 
± 0.01 
2120 
± 700 
5.3 
± 0.5 
670 
Forwards 
2.5 
± 0.3 
54 
± 1 
-6.8 
± 0.9 
0.69 
± 0.01 
350 
± 20 
21.5 
± 2.0 
Backwards 
3.0 
± 0.3 
57 
± 1 
-7.6 
± 1.0 
0.72 
± 0.03 
560 
± 310 
22.2 
± 1.0 
 
Table 6.3: Mean device metrics and standard deviations for open circuit voltage, 
short circuit current density, fill factor, power conversion efficiency, and shunt and 
series resistance, extracted from J-V curves, for spin coated devices with the HI 
additive. 8 devices were used to calculate the mean and standard deviation. 
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Figure 6.9: (a) EQE and (b) normalised EQE of spin coated devices fabricated with 
the HI additive at different stages of the lifetime study. 
An optical microscope image of the spin cast perovskite fabricated with the HI 
additive is shown in Figure 6.10. Here, it can be seen that the perovskite has a 
needle-like structure that was not seen in the images in Figure 5.5 (see Section 
5.2), indicating that the HI has a significant impact on the conversion of the 
precursor materials and the formation of the perovskite crystal, as seen with the 
spray coated films in Figure 6.4.  
 
Figure 6.10: Optical microscope image of a spin cast perovskite film fabricated with 
HI. 
In Figure 6.11, the PCE, FF, Jsc, and Voc over 670 hours of continuous operation for 
four spin coated devices fabricated with the HI additive are presented. Data 
represented by lines were taken using the Atlas CPS+ lifetime tester, and data 
represented by points were measured using a calibrated Newport solar simulator. 
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It can be seen that whilst the PCE decreases by 79 ± 4%, the same losses as the 
devices in Chapter 5, the behaviour of the decay is slightly different. The Voc decays 
by ~20% over the first 150 hours before becoming significantly more stable, 
whereas without the additive the Voc decreased by the same amount over the 
course of the entire study. Here, the FF of most devices increases after 100 hours of 
continuous illumination for 100 hours, reaching 109 ± 2% of the initial value, 
before decaying back to the starting value over the remainder of the test. The Jsc is, 
again, the primary area of loss, decreasing by 70 ± 9% during the study. 
Interestingly, one device showed much greater stability of the Jsc than the others, 
decreasing by only 57% over the study. This was, however, balanced out by 
decreased stability of the FF, which did not undergo the increase that was 
exhibited by the other devices, resulting in a PCE only slightly more stable than the 
others. It is unclear as to why this occurred, however this highlights that it may be 
possible to achieve a more stable Jsc in devices utilising the HI additive. 
The separation between burn-in period and linear decay period is also much more 
distinct than for the devices in Chapter 5, with the burn-in lasting approximately 
200 hours before the decay of the PCE becomes linear. From this linear decay, the 
T80 lifetime was calculated to be approximately 360 ± 40 hours for the data from 
both the Atlas CPS+ lifetime tester and calibrated Newport solar simulator, as 
given in Table 6.4. Whilst this is longer than the T80 of the devices in Chapter 5 
(280 ± 20 hours), the losses during the burn-in period are much greater for the 
devices fabricated with the HI additive, resulting in a lower PCE at the start of the 
linear decay region (4.9 ± 0.8% and 6.0 ± 0.6% for devices with and without the HI 
additive respectively). It is possible the difference in structure of the perovskite 
observed in Figure 6.10 alters the rate at which reactions with water and oxygen 
occur, resulting in the greater losses during the burn-in period. Another possibility 
may be that the water in the HI solution that was added to the precursor solution 
does not leave the film after deposition, instead being trapped in voids between 
crystals or even becoming bound in the PEDOT:PSS. This may result in a greater 
quantity of water available to degrade the perovskite at the start of the lifetime test 
and hence greater degradation during the burn-in. 
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Burn-in time 
(hours) 
PCE after 
Burn-in (%) 
PCE loss over 
Burn-in (%) 
PCE loss over 
670 hours (%) 
T80 Atlas 
(hours) 
T80 Newport 
(hours) 
200 4.9 ± 0.8 59.9 ± 0.5 75 ± 8 360 ± 20 360 ± 40 
 
Table 6.4: PCE loss over burn-in period and whole test, and T80 lifetimes calculated 
using data from both the Atlas Suntest CPS+ and the calibrated Newport solar 
simulator. 
The J-V curves corresponding to the points in Figure 6.11 are presented in Figure 
6.8, with the device metrics at the end of the test given in Table 6.3. Whilst the 
absolute values for these metrics are higher than those for devices without HI, 
proportionally the losses are the same. The only exception is the losses in FF, 
which are 29% for the devices in Chapter 5, and 22% for the devices with the HI 
additive. Hysteresis also saw a much larger increase for the devices fabricated 
using HI, with large differences in Jsc (-6.8 ± 0.9 mA/cm2 and -7.6 ± 1.0 mA/cm2), 
and smaller differences in the FF (54 ± 1% and 57 ± 1%) and Voc (0.69 ± 0.01 V and 
0.72 ± 0.03 V) for forwards and backwards voltage sweeps respectively. The losses 
in Voc and increased Rs (from 5.3 ± 0.5 Ω cm2 to 22.2 ± 1.0 Ω cm2) indicate that this 
is likely due to increases in trapping states within the perovskite [13,14,18]. It 
should be noted that it is unclear as to why the Voc of the devices in the second 
week were the lowest measured, it is possible that light soaking was not 
performed for long enough before measurements were taken as light soaking often 
improves the Voc of devices [20]. 
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Figure 6.11: (a) PCE, (b) FF, (c) Jsc, and (d) Voc of spin coated PSCs with a HI additive 
over 670 hours of continuous illumination. Solid points are data taken using a 
calibrated solar simulator. All J-V scans were performed from -1 to 1 V.  
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The evolution of the EQE over the lifetime test is presented in Figure 6.9(a), with 
normalised data given in Figure 6.9(b). It can be seen that the EQE is more stable 
when the HI additive is used, with peak EQE dropping from 86% to 38% over 670 
hours of continuous illumination. The decrease in EQE at longer wavelengths, 
indicating decomposition of the perovskite into PbI2, is also less severe, with 
significant changes only occurring towards the end of the study. Therefore, it 
appears that CH3NH3PbI3-xClx perovskite has greater chemical stability when 
fabricated with a HI additive for both spin and spray coating.  
6.5: Conclusions 
It has been shown that the addition of a small quantity of hydroiodic acid to the 
precursor solution of spray coated CH3NH3PbI3-xClx significantly improves 
perovskite solar cell performance, with PCE increasing from 8.4% to 10.4%, a 
value comparable to devices with a spin coated perovskite layer. This 
improvement originated from an increase in the uniformity of the external 
quantum efficiency, removing a large dip in the spectral response of the PSC 
between 600 and 700 nm, and hence increasing the Jsc of the devices. It is 
speculated that the additive improves the solubility of the precursor, allowing 
greater control over material ratios and better conversion during annealing, 
leading to the altered structure seen observed in optical microscopy. This results 
in better optical absorption and electronic properties of the perovskite, potentially 
improving them beyond those of the spin cast films. Despite these improvements, 
spray coated devices suffered from film uniformity issues, most likely caused by 
turbulence of the air during deposition affecting the generated spray. When 
subjected to 670 hours of continuous illumination, devices utilising the HI additive 
proved more stable, with PCE decreasing by ~70% compared to ~80% losses 
exhibited by devices that did not use the additive. Losses primarily occurred in Jsc 
for both types of device, with the Jsc of devices fabricated with HI displaying slightly 
better stability. This, along with the improved stability observed for the Voc and Rs 
suggest a slower rate of decomposition reactions with oxygen and water than 
observed in devices without the additive.  
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The HI additive was also used to fabricate spin coated devices, which resulted in 
PCE increased to 13.2% due to improvements of the Jsc. This is attributed to the 
same mechanisms speculated for the spray coated devices due to similar changes 
in the EQE. Lifetime testing for 670 hours revealed changes in the stability of 
devices that contained HI, improving the T80 lifetime to 360 hours. The increase in 
lifetime arises from improved chemical stability revealed by EQE measurements 
during the test. Despite these improvements, losses during the burn-in period 
were much greater than for the devices in Chapter 5, resulting in lower PCE at the 
start of the linear decay period.  
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Chapter 7 
The Effects of Additional Annealing 
and Deposition Temperatures on the 
Stability of Perovskite Solar Cells 
 
 
7.0: Introduction 
In this chapter two different lifetime experiments on perovskite solar cells (PSCs) 
are presented. In section 7.1, the effects of an additional anneal of the perovskite 
layer at an elevated temperature after conversion of the precursors is completed 
are examined. This is performed as an attempt to remove oxygen and moisture 
that is potentially absorbed into the device during fabrication. PSCs are fabricated 
using CH3NH3PbI3-xClx films that have been subjected to further annealing in 
ambient air or in a nitrogen filled glove box. These are then exposed to 335 hours 
(2 weeks) of continuous illumination, along with control devices fabricated 
without the additional annealing step. The PSCs with additional annealing are 
found to have decreased initial performance, with those annealed under nitrogen 
performing worst. Optical microscopy, atomic force microscopy (AFM), and laser 
beam induced current (LBIC) mapping are used to investigate these losses. Upon 
ageing, the annealed devices are found to have improved stability over devices 
without the additional anneal, with those annealed in air ending the test with the 
highest power conversion efficiency (PCE).  
In section 7.2, the effects of substrate and solution temperature when depositing 
the precursor solution of CH3NH3PbI3-xClx perovskite on the stability of PSCs are 
investigated. Here, three different temperatures have been used: room 
temperature, 90°C substrate and 70°C solution, and 120°C substrate and solution. 
PSCs with the perovskite deposited at a higher temperature are found to have 
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improved initial performance, but are found to degrade faster over 335 hours (2 
weeks) of continuous illumination. Despite having the lowest initial performance, 
devices with perovskites deposited at the lowest temperatures end the test with 
the highest performance.  
Both of these results highlight the need to optimise PSCs for stability rather than 
chasing incrementally higher efficiencies, as the most efficient devices are not 
necessarily the most stable, and much longer lifetimes are required for PSCs to 
become commercially viable. 
It is important to note that all PSCs in this chapter used Ca instead of LiF as an 
electron transport layer, otherwise the structure is the same as used in Chapter 5. 
7.1: The Effects of Additional Annealing on Stability 
As discussed in Chapter 5, the main causes of degradation for the encapsulated 
‘inverted’ architecture PSCs are reactions with oxygen and water, resulting in the 
decomposition of the perovskite into methylamine, hydroiodic acid, iodine, water, 
and lead iodide [1–4]. The water and oxygen required for these reactions likely 
either enter the device by slow ingress though the encapsulation or are already 
present within the device, possibly absorbed by the hygroscopic PEDOT:PSS. In an 
attempt to limit this decomposition, two sets of devices were subjected to an 
additional anneal on a hotplate at 110°C for 15 minutes performed after the 
annealing step, either in ambient air or a nitrogen filled glove box, to remove 
moisture that may have been trapped in the device. This temperature was chosen 
for the initial experiment as it was high enough to enable the removal of moisture 
from the film, but hoped to not cause too much damage to the perovskite as might 
occur at higher temperatures.  
In Figure 7.1 the average J-V curves are shown for control PSCs without the 
additional annealing step, PSCs annealed in ambient air, and PSCs annealed in a 
nitrogen filled glove box. The corresponding device metrics are presented in Table 
7.1. It can be seen that the additional annealing step causes a decrease in the PCE 
from 10.4 ± 0.3% to 8.7 ± 0.6% for PSCs annealed in air, and 6.9 ± 0.3% for PSCs 
annealed under nitrogen. These losses result from decreases in all device metrics, 
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with the most significant losses occurring in the fill factor (FF) and open circuit 
voltage (Voc), and relatively minor losses in the short circuit current density (Jsc). In 
particular, the Voc of the PSCs which were annealed under nitrogen decreases 
significantly from 0.87 ± 0.004 V to 0.75 ± 0.04 V. The loss of Voc indicates an 
increase of the charge carrier recombination rate [5], however there is only a small 
increase in the series resistance (Rs) (from 5.4 ± 0.3 Ω cm2 to 6.8 ± 0.7 Ω cm2), 
possibly suggesting that recombination is not the only mechanism leading to this 
decrease. The Voc is also dependent on the energy levels of the perovskite, 
indicating that possible chemical changes in the perovskite are occurring [6]. 
Indeed, it has been shown that CH3NH3PbI3 is thermally unstable, with its 
constituents decomposing when exposed to temperatures above 85°C, albeit over a 
period of 24 hours [7]. It is possible that decomposition of the perovskite occurred 
here, as 110°C was used for the additional annealing step, potentially resulting in 
an increased reaction rate, allowing noticeable changes to occur during the 15 
minutes of annealing.  
 
Figure 7.1: Initial J-V curves for PSCs with and without the additional annealing 
step. Squares represent forwards scans, triangles represent reverse scans.  
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Extra 
Anneal 
Scan 
Direction 
PCE 
(%) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
Rsh 
(Ω cm2) 
Rs 
(Ω cm2) 
None 
Forwards 
10.2 
± 0.3 
73 
± 1 
-16.1 
± 0.3 
0.87 
± 0.004 
1570 
± 200 
5.3 
± 0.6 
Backwards 
10.4 
± 0.3 
74 
± 1 
-16.1 
± 0.4 
0.87 
± 0.004 
1540 
± 320 
5.4 
± 0.3 
Air 
Forwards 
8.4 
± 0.5 
67 
± 2 
-15.2 
± 0.3 
0.82 
± 0.01 
1030 
± 220 
6.0 
± 0.5 
Backwards 
8.7 
± 0.6 
69 
± 2 
-15.3 
± 0.4 
0.82 
± 0.01 
1110 
±180 
5.8 
± 0.5 
N2 
Forwards 
6.5 
± 0.3 
61 
± 1 
-14.3 
± 0.4 
0.75 
± 0.05 
790 
± 180 
7.4 
± 0.9 
Backwards 
6.9 
± 0.3 
63 
± 1 
-14.5 
± 0.3 
0.75 
± 0.04 
910 
± 180 
6.8 
± 0.7 
 
Table 7.1: Mean device metrics and standard deviations for open circuit voltage, 
short circuit current density, fill factor, power conversion efficiency, and shunt and 
series resistance, extracted from J-V curves, for control PSCs without any 
additional anneal, and PSCs annealed in air or under nitrogen. 12 devices were 
used to calculate the mean and standard deviation for each device type. 
External quantum efficiency (EQE) curves for devices with and without the 
additional annealing step are presented in Figure 7.2. Here, it can be seen that the 
devices which have undergone the additional anneal have reduced EQE at all 
wavelengths, but particularly for wavelengths below 600 nm. This is consistent 
with the reduced Jsc observed in the J-V curves of the devices with the additional 
annealing step. It is speculated that the reductions arise from damage to the 
perovskite crystal caused by the high temperature of the additional anneal. 
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Figure 7.2: EQE curves for PSCs with and without the additional annealing step. 
To determine if the additional annealing step caused morphological changes to the 
perovskite, optical and atomic force microscopy (AFM) were employed. Figure 
7.3(a) shows an optical micrograph of the control perovskite, and in Figure 7.3(b) 
an optical micrograph of a perovskite film that was annealed in air. The two images 
are very similar, with no obvious large scale morphological differences between 
the perovskites with and without the additional anneal. In Figure 7.3(c) and (d), 
the films in (a) and (b) respectively are examined in higher resolution using AFM. 
Again, no major differences in structure can be seen between the two films. 
However, there is a difference in the roughness of the films, with the films 
annealed in air exhibiting a slightly rougher surface (17.8 ± 2.6 nm) than the 
control films (15.8 ± 2.5 nm). 
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Figure 7.3: (a) and (b) are optical micrographs of perovskite films without 
additional annealing and with annealing in air respectively. The scale bars 
represent 10 μm. (c) and (d) are AFM images of the films in (a) and (b) 
respectively. 
However, when the devices are examined using laser beam induced current (LBIC) 
mapping, as shown in Figure 7.4(a), (b), and (c), differences in the spatial 
uniformity of photocurrent generation become apparent. Here it can be seen that 
there appears to be larger scale structure in the photocurrent of the perovskites 
which have been subjected to the additional anneal. In Figure 7.4(g), a histogram of 
the data in Figure 7.4(a), (b), and (c) is presented, highlighting the decrease of 
photocurrent uniformity in the perovskites with the additional anneal. The 
standard deviation increases from 7.1 ± 0.2% in control PSCs, to 10.8 ± 0.3% and 
13.1 ± 0.4% in PSCs that were annealed in air and under nitrogen respectively. 
This change in homogeneity indicates some electronic or structural change within 
the perovskite. As mentioned previously, it is possible that this is caused by 
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damage to the perovskite crystal due to the high temperature of the additional 
annealing step. This would result in poorer absorption and charge carrier 
transport properties, limiting the photovoltaic performance in the areas affected. 
 
Figure 7.4: LBIC maps of PSCs (a) without extra annealing, (b) annealed in air, and 
(c) annealed under nitrogen. (d), (e), and (f) are LBIC maps of the devices in (a), 
(b), and (c) respectively after 167 hours of continuous illumination. The scale bars 
represent 150 μm. (g) and (h) are histograms of the data in (a) – (c) and (d) – (f) 
respectively. 
Whilst it is currently unclear why the performance of devices annealed under 
nitrogen is reduced more significantly than those annealed in air, it could be a 
result of the pre-cursor solution and materials used to form the perovskite. The 
pre-cursor solution used was methylammonium iodide (MAI) and lead chloride 
(PbCl2) in dimethylformamide (DMF), which has been optimised to create efficient 
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perovskite films when deposited and annealed in ambient conditions, requiring 
~30% RH for optimal films. It is therefore possible that annealing at an elevated 
temperature in a moisture free environment could cause deleterious effects on the 
chemical structure of the perovskite, impacting both its physical structure and 
electronic properties.  
In Figure 7.5 the PCE, FF, Jsc, and Voc of control PSCs, and with annealing in air or 
nitrogen, is plotted as a function of irradiance time for 335 hours (2 weeks) of 
continuous illumination. Over the 335 hour test, the PCE of the control PSCs, 
fabricated without the additional annealing step, decreased by 63 ± 1% (from 10.4 
± 0.3% to 3.9 ± 0.5%). Devices that were annealed under nitrogen were more 
stable, with PCE decreasing by 53 ± 2% (from 6.9 ± 0.3% to 3.6 ± 0.1%). However, 
devices that were annealed in air proved the most stable, with PCE degrading by 
only 44 ± 3% (the decrease is ~35% for data taken using the calibrated Newport 
solar simulator, with PCE decreasing from 8.7 ± 0.3% to 5.9 ± 0.2%), resulting in a 
higher PCE after the lifetime test than that of the control devices. The improved 
stability for both of the device sets with additional annealing originates from more 
stable Jsc and Voc, whilst the FF degrades by a similar amount for all of the devices 
(~20%).  
The T80 lifetimes of the devices are shown in Table 7.2, along with the length of the 
burn-in period and the PCE losses during this time and over the whole test. The 
burn-in period, the region of rapid performance degradation before the decay 
becomes linear, was determined to be 200 hours, using the method described in 
Section 3.4.3. Devices fabricated without the additional annealing step gave the 
shortest T80 lifetimes with 370 ± 30 hours, whilst those that were annealed in air 
show the longest lifetimes with 490 ± 40 hours. This is significantly longer than the 
T80 lifetime exhibited by the PSCs in Chapter 5 (280 ± 20 hours), which could be 
attributed to the annealing step removing oxygen and water from the device, 
slowing down the rate at which the perovskite decomposition reactions could 
occur. 
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Figure 7.5: (a) PCE, (b) FF, (c) Jsc, and (d) Voc of CH3NH3PbI3-xClx PSCs without 
additional annealing and with additional annealing in air or under nitrogen over 
335 hours of continuous illumination. All J-V scans were performed from -1 to 1 V. 
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Extra 
Anneal 
Burn-in time 
(hours) 
PCE loss over 
burn-in (%) 
PCE loss over 
335 hours (%) 
T80 Lifetime 
(hours) 
None 200 56 ± 1 63 ± 1 370 ± 30 
Air 200 39 ± 4 44 ± 3 490 ± 40 
N2 200 48 ± 2 53 ± 2 430 ± 10 
 
Table 7.2: PCE loss over burn-in period and whole test, and T80 lifetimes calculated 
using data from the Atlas Suntest CPS+. 
The J-V curves performed at the end of the lifetime test using a calibrated Newport 
solar simulator are presented in Figure 7.6, with the corresponding device metrics 
given in Table 7.3. It can be seen that the Voc of the PSCs that were annealed in air 
remained stable throughout the test (0.82 V), whilst the Voc of the control devices 
degraded to a similar value (0.81 ± 0.01 V). Interestingly, the Voc of the devices 
annealed under nitrogen increases from 0.75 ± 0.04 V to 0.78 ± 0.01 V. This 
suggests improved energy level alignment between the perovskite and the 
transport layers, facilitating the extraction of photogenerated charge carriers [8]. 
The Jsc of the devices which were not subjected to additional annealing also proved 
to be the least stable, decreasing to -10.6 ± 1.2 mA/cm2, whilst the Jsc of devices 
annealed under nitrogen decreased to -11.3 ± 0.1 mA/cm2, and those annealed in 
air decreased to -13.5 ± 0.3 mA/cm2. The losses of these metrics for the devices in 
Chapter 5 were a result of the perovskite decomposing, producing methylamine 
and hydroiodic acid which acted as charge trapping sites within the perovskite. As 
the degradation of these metrics is reduced, along with improved Rsh and Rs after 
the lifetime test, it indicates an improved degree of chemical stability in devices 
subjected to additional annealing after conversion of the precursor materials, both 
in air and under nitrogen. Indeed, it has been reported that perovskites formed 
using MAI and PbCl2 as the precursor can contain methylammonium chloride 
(MACl), which readily absorbs water from the air, enabling moisture to enter the 
device [9]. Here, the authors report that annealing at 60°C whilst under vacuum 
(instead of the usual anneal in air) reduces the quantity of MACl in the final 
perovskite. When subjecting unencapsulated devices that had undergone the 
vacuum anneal to continuous testing over 10 hours, no losses of PCE were 
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observed, whereas devices without the vacuum degraded completely within 2 
hours. Therefore the improvement in the stability of devices with an additional 
annealing step seen here could in part be due to removal MACl, as well as any 
water which had been absorbed into the film.  
 
Figure 7.6: J-V curves for PSCs with and without the additional annealing step after 
335 hours of continuous illumination. Squares represent forwards scans, triangles 
represent reverse scans. 
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Extra 
Anneal 
Scan 
Direction 
PCE 
(%) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
Rsh 
(Ω cm2) 
Rs 
(Ω cm2) 
None 
Forwards 
3.7 
± 0.4 
45 
± 3 
-10.2 
± 1.2 
0.81 
± 0.01 
410 
± 80 
28.1 
± 3.8 
Backwards 
3.9 
± 0.5 
47 
± 4 
-10.6 
± 1.2 
0.81 
± 0.01 
490 
± 100 
25.7 
± 4.7 
Air 
Forwards 
5.6 
± 0.2 
51 
± 2 
-13.1 
± 0.4 
0.82 
± 0.003 
480 
± 60 
13.3 
± 1.7 
Backwards 
5.9 
± 0.2 
53 
± 2 
-13.5 
± 0.3 
0.83 
± 0.003 
560 
± 60 
13.4 
± 1.8 
N2 
Forwards 
3.3 
± 0.1 
38 
± 1 
-10.9 
± 0.1 
0.78 
± 0.01 
270 
± 10 
32.8 
± 0.9 
Backwards 
3.6 
± 0.1 
41 
± 1 
-11.3 
± 0.1 
0.78 
± 0.01 
330 
± 50 
28.3 
± 1.2 
 
Table 7.3: Mean device metrics and standard deviations for open circuit voltage, 
short circuit current density, fill factor, power conversion efficiency, and shunt and 
series resistance, extracted from J-V curves, for control PSCs without any 
additional anneal, and PSCs annealed in air or under nitrogen after 335 hours of 
continuous illumination. 8 devices were used to calculate the mean and standard 
deviation for each device type. 
To determine the differences in the evolution of the spatially resolved 
photocurrent, LBIC mapping was performed after 1 week (167 hours) of 
continuous illumination. This data is shown in Figure 7.3(d), (e), and (f). Despite 
suffering the greatest rate of degradation of the three sets of devices, PSCs not 
subjected to additional annealing still exhibit the greatest degree of uniformity (σ = 
10.3 ± 0.6%), whilst both of the devices with additional annealing display similar 
levels (σ = 17.4 ± 0.4% and 18.3 ± 0.8% for the devices annealed in air and under 
nitrogen respectively). 
7.2: The Effects of Deposition Temperature on Stability 
Another perovskite stability investigation was performed looking at the effect of 
the substrate and solution temperature during the deposition of the CH3NH3PbI3-
xClx perovskite precursor (MAI:PbCl2) on the stability of PSCs. Three different sets 
of temperatures were used: room temperature substrate and solution (referred to 
as ‘cold’), 90°C substrate and 70°C solution (the standard temperatures used, 
referred to as ‘medium’), and 120°C substrate and solution (referred to as ‘hot’), 
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and are summarised in Table 7.4. It should be noted that these values are the 
temperature of the hotplates which the substrates and solutions were kept on 
immediately prior to film deposition, therefore the actual temperatures during 
deposition will have been slightly lower. This study was motivated by the 
observation that perovskite films deposited at different temperatures showed 
different stability when stored in air for one day, as shown in Figure 7.7. Here, it 
can be seen that films deposited cold almost entirely degraded into PbI2, with the 
amount of decomposition decreasing as deposition temperatures increased. This 
difference in stability likely arises from improved film coverage and larger grains 
when the precursors are deposited at higher temperatures, slowing the ingress of 
water and oxygen into the bulk of the perovskite film and hence reducing the rate 
at which the degradation reactions occur [10]. 
Label Substrate Temperature 
(°C) 
Solution Temperature 
(°C) 
Cold Room Temp Room Temp 
Medium 90 70 
Hot 120 120 
Table 7.4: Summary of hotplate temperatures used to heat the substrates and 
solutions for each batch of devices and the corresponding labels. 
 
Figure 7.7: Photograph of perovskite films deposited from different temperature 
substrates and solutions after being stored in air for the same amount of time.  
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Encapsulated PSCs were fabricated using the perovskite films deposited at the 
different temperatures and the initial J-V curves for these devices are presented in 
Figure 7.8, with the extracted metrics given in Table 7.5. It can be seen that the PCE 
of devices increased from 9.9 ± 0.4% to 11.6 ± 0.3% as substrate and solution 
temperature increased, resulting from improved Jsc and Voc. The improved Jsc, 
increased from -15.2 ± 0.5 mA/cm2 to -16.6 ± 0.4 ma/cm2, is again speculated to be 
due to improved surface coverage of the perovskite leading to improved 
absorption efficiency and the increased grain size providing better charge 
transport [11]. Improvements in the Voc, from 0.90 ± 0.01 V to 0.95 ± 0.01 V, could 
originate from decreased charge carrier recombination rates within the perovskite 
deposited at ‘hot’ temperature [5], or alternatively differences in the energy levels 
of the perovskites deposited at different temperatures [6].  
 
Figure 7.8: Initial J-V curves for PSCs with different temperatures for perovskite 
precursor deposition. Labels in the legend correspond to those in Table 7.4. 
Squares represent forwards scans, triangles represent reverse scans. 
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Deposition 
Temp 
Scan 
Direction 
PCE 
(%) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
Rsh 
(Ω cm2) 
Rs 
(Ω cm2) 
Cold 
Forwards 
9.7 
± 0.4 
72 
± 2 
-15.1 
± 0.5 
0.89 
± 0.01 
2200 
± 680 
5.3 
± 0.6 
Backwards 
9.9 
± 0.4 
73 
± 2 
-15.2 
± 0.5 
0.90 
± 0.01 
3100 
± 930 
5.7 
± 0.7 
Medium 
Forwards 
11.1 
± 0.2 
73 
± 1 
-16.9 
± 0.4 
0.90 
± 0.01 
2130 
± 1390 
4.9 
± 0.1 
Backwards 
11.4 
± 0.2 
75 
± 1 
-17.0 
± 0.3 
0.90 
± 0.02 
2530 
± 1230 
5.0 
± 0.3 
Hot 
Forwards 
11.3 
± 0.3 
72 
± 1 
-16.6 
± 0.4 
0.95 
± 0.01 
1770 
± 820 
5.4 
± 0.3 
Backwards 
11.6 
± 0.3 
73 
± 1 
-16.6 
± 0.4 
0.95 
± 0.01 
1470 
± 250 
6.1 
± 0.2 
 
Table 7.5: Mean device metrics and standard deviations for open circuit voltage, 
short circuit current density, fill factor, power conversion efficiency, and shunt and 
series resistance, extracted from J-V curves, for PSCs fabricated using different 
substrate and solution temperatures. 8 devices were used to calculate the mean 
and standard deviation for each device type. 
The PCE, FF, Jsc, and Voc of PSCs with perovskite layers deposited at different 
temperatures over 335 hours of continuous illumination and operation are 
presented in Figure 7.9. In contrast to the degradation seen in Figure 7.7, where 
higher substrate and solution temperatures resulted in more stable films, PSCs 
utilising perovskites prepared ‘hot’ showed the lowest stability, with PCE 
decreasing by 70 – 80% over the 335 hour period. PSCs fabricated using ‘medium’ 
temperatures were more stable with PCE degrading by ~60%. However, the 
devices with a ‘cold’ perovskite layer proved the most stable, with PCE decreasing 
by only 40 – 50% during the test. For all deposition temperatures, the primary 
losses occur to the Jsc, which decreases by 60 – 80% for ‘hot’ devices, 40 – 50% for 
‘medium’ devices, and ~30% for ‘cold’ devices. Interestingly, the FF of the ‘hot’ 
devices was the most stable, increasing over the first 100 hours to 105 – 110% of 
the initial value, whereas the FF of ‘medium’ and ‘cold’ devices reduced by 10 – 
20% over the course of the illumination. There was no significant difference in the 
stability of Voc between the different deposition temperatures. 
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Figure 7.9: (a) PCE, (b) FF, (c) Jsc, and (d) Voc of CH3NH3PbI3-xClx PSCs with different 
substrate and solution temperatures for perovskite precursor deposition over 335 
hours of continuous illumination. All J-V scans were performed from -1 to 1 V. 
Labels in the legend correspond to the temperatures given in Table 7.4.  
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Figure 7.10: J-V curves for PSCs with different substrate and solution temperatures 
for perovskite precursor deposition after 335 hours of continuous illumination.  
Squares represent forwards scans, triangles represent reverse scans. 
In Figure 7.10 the J-V curves, measured using a calibrated Newport solar simulator, 
of devices with different perovskite deposition temperatures after the 335 hour 
lifetime test are presented, with the metrics shown in Table 7.6. Despite having the 
lowest initial PCE, the ‘cold’ devices were measured to have the highest final PCE at 
6.1 ± 0.3%. ‘Medium’ devices had a slightly lower PCE of 5.6 ± 0.5%, and ‘hot’ 
devices had the lowest PCE at 3.4 ± 0.5%. These values are in reasonable 
agreement with the data taken using the lifetime testing system. As seen in the 
lifetime data, the Jsc was the most significantly affected metric, decreasing to -7.0 ± 
1.2 mA/cm2 for ‘hot’ devices, whilst in ‘medium’ and ‘cold’ devices the Jsc decreased 
to -12.6 ± 1.4 mA/cm2 and -12.4 ± 0.4 mA/cm2 respectively. This indicates a 
greater reduction in absorption and charge transport properties for ‘hot’ devices 
compared to ‘medium’ and ‘cold’ devices. Indeed, the resultant Rs after 335 hours 
of illumination was increased to 22.6 ± 0.4 Ω cm2, suggesting increased barriers to 
charge extraction from the perovskite. It is likely that this originates from a greater 
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rate of decomposition into PbI2. All of the devices saw an increase in hysteresis 
owing to differences in the measured Jsc when scanning forwards and backwards. 
Deposition 
Temp 
Scan 
Direction 
PCE 
(%) 
FF 
(%) 
Jsc 
(mA/cm2) 
Voc 
(V) 
Rsh 
(Ω cm2) 
Rs 
(Ω cm2) 
Cold 
Forwards 
5.9 
± 0.3 
57 
± 1 
-12.2 
± 0.4 
0.85 
± 0.01 
620 
± 3 
11.3 
± 0.1 
Backwards 
6.1 
± 0.3 
58 
± 2 
-12.4 
± 0.4 
0.85 
± 0.01 
700 
± 50 
11.6 
± 0.02 
Medium 
Forwards 
5.5 
± 0.5 
54 
± 1 
-12.1 
± 1.5 
0.84 
± 0.02 
550 
± 10 
13.1 
± 0.9 
Backwards 
5.6 
± 0.5 
54 
± 2 
-12.6 
± 1.4 
0.84 
± 0.02 
550 
± 2 
14.4 
± 1.1 
Hot 
Forwards 
3.1 
± 0.7 
54 
± 5 
-6.5 
± 1.2 
0.90 
± 0.01 
670 
± 120 
20.6 
± 0.9 
Backwards 
3.4 
± 0.5 
55 
± 2 
-7.0 
± 1.2 
0.90 
± 0.01 
610 
± 60 
22.6 
± 0.4 
 
Table 7.6: Mean device metrics and standard deviations for open circuit voltage, 
short circuit current density, fill factor, power conversion efficiency, and shunt and 
series resistance, extracted from J-V curves, for PSCs fabricated using different 
substrate and solution temperatures after 335 hours of continuous illumination. 8 
devices were used to calculate the mean and standard deviation for each device 
type. 
7.3: Conclusions 
In conclusion, it has been shown that additional annealing of CH3NH3PbI3-xClx 
perovskite films at an elevated temperature, in this case 110°C, after conversion of 
the precursor materials results in PSCs with an improved degree of operational 
stability, with PCE decreasing by only 35% over 335 hours of continuous 
illumination. However, this extra anneal resulted in a reduction in initial PCE of 
~20% for films annealed in ambient air, and ~30% for films annealed in a nitrogen 
glove box. Optical microscopy and AFM revealed no major morphological 
differences between films, however LBIC mapping revealed decreased uniformity 
in the spatial photocurrent generation of devices with a perovskite layer subjected 
to an additional anneal. The improved stability observed in the PSCs with 
additional annealing of the perovskite layer was a result of reduced degradation of 
the Voc and Jsc, indicating a greater degree of chemical stability in these devices. It is 
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possible that this is due to the removal of water or oxygen absorbed into the device 
during fabrication, slowing down the rate at which the decomposition reactions 
seen in Chapter 5 can occur. Unwanted products of the fabrication process, such as 
methylammonium chloride could also have been removed, improving the stability.  
It has also been shown that the temperature of the substrate and solution when 
depositing the perovskite precursors has a significant impact on the stability of 
PSCs. Despite an increase in initial performance as deposition temperatures 
increased, this performance degraded significantly faster than in devices with 
perovskites deposited at lower temperatures, with PCE decreasing by ~75% and 
~45% for ‘hot’ and ‘cold’ devices respectively. This originated from more rapid 
decay of the Jsc in devices deposited at high temperatures and a greater increase of 
the series resistance, suggesting a similar degradation mechanism to that of the 
devices in Chapter 5, with the perovskite decomposing into PbI2 due to reactions 
with oxygen and water, albeit at a faster rate. 
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Chapter 8 
Conclusions 
 
 
 
 
In this thesis, the stability of common materials used in both organic photovoltaic 
devices and perovskite solar cells have been examined. This has been used to 
determine the effects of intrinsic impurities, device architectures, and deposition 
techniques and temperature on the performance and long-term viability of these 
two relatively new photovoltaic technologies. 
In Chapter 4, the effects of the residual catalyst palladium (Pd) on PCDTBT:PC70BM 
and, to a lesser extent, PFD2TBT-8:PC70BM organic photovoltaic devices were 
explored. The Pd catalyst originated from the polymerisation reaction used to 
synthesise the polymers, where it broke down and formed into nanoparticles, 
remaining with the polymer unless specifically removed. In PCDTBT:PC70BM solar 
cells the presence of these Pd nanoparticles was observed to cause significant 
reductions in device performance, even at low concentration. Using laser beam 
induced current mapping and scanning electron microscopy (SEM), this was 
discovered to be due to the Pd nanoparticles binding the PCDTBT into large 
aggregates, forming short-circuits that result in leakage pathways between the 
anode and cathode. To determine the long-term effects of Pd contamination, the 
device were subjected to operational stability tests for 140 hours. Here, the 
increased Pd content was found to increase efficiency losses during the burn-in 
period of rapid decay. This was attributed to the appearance of additional short-
circuits within the device during ageing, formed by Pd nanoparticles not already 
bound in the large aggregates, but distributed throughout the active layer. Devices 
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with the active layer PFD2TBT-8:PC70BM were found to be significantly more 
tolerant to the presence of Pd, able to achieve comparable performance at both low 
and high Pd contents. This was speculated to be due to the improved solubility of 
PFD2TBT-8, preventing the Pd from pulling the polymer out of solution before the 
film formed. As with PCDTBT, PFD2TBT-8 devices were subjected to operational 
stability tests, where the improved tolerance was seen again. Here, the main 
differences observed were slightly less stable short-circuit current densities for the 
highest Pd contents.   
In Chapter 5, the operational stability of CH3NH3PbI3-xClx perovskite solar cells in an 
inverted architecture was investigated. The devices were observed to degrade 
relatively quickly, presenting low T80 lifetimes. A change in the spectral shape of the 
external quantum efficiency of the devices was consistent with the decomposition 
of the perovskite into lead iodide through reactions with water or oxygen, which 
also produced methylamine, hydroiodic acid, iodine, and water. The highest 
occupied and lowest unoccupied states of methylamine and hydroiodic acid 
respectively exist within the band gap of the perovskite. Both of these materials are 
volatile and would normally escape the device, however the encapsulation here 
prevented this, causing them to act as charge trapping sites. This lead to an increase 
in the level of hysteresis in the current density-voltage scans, and a decrease in 
charge carrier lifetime observed through time-resolved photoluminescence. The 
water and oxygen required for this degradation process were believed to be present 
in device upon fabrication, bound into the hygroscopic PEDOT:PSS layer, or in 
methylammonium chloride left over from device fabrication. 
In Chapter 6, the effects of a hydroiodic acid additive on the performance and 
stability of perovskite solar cells with a spray coated active layer were examined. It 
was found that devices utilising the HI additive performed significantly better than 
those without the additive, having power conversion efficiencies comparable to 
devices with a spin coated perovskite layer. The improvement was primarily a result 
of increased short circuit current density and external quantum efficiency, 
indicating better absorption efficiency by the active layer. This was speculated to be 
a result of the additive improving the solubility of the precursor materials, enabling 
the formation of a better perovskite film due to greater control over material ratios. 
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When subjected to 670 hours of continuous illumination, PSCs utilising the additive 
proved to be more stable, due to increased stability of the short-circuit current 
density, open circuit voltage, and series resistance. Therefore it was speculated that 
devices fabricated using the HI additive had a greater degree of chemical stability, 
with decomposition reactions occurring at a slower rate than in devices fabricated 
without the additive. These experiments were then performed for spin coated 
devices, which exhibited similar improvements in power conversion efficiency, 
short circuit current density, and external quantum efficiency. The operational 
stability was also improved over devices in Chapter 5, however losses during the 
burn-in period were greater for devices fabricated with HI, resulting in lower power 
conversion efficiency at the end of the burn-in period than devices without HI. 
In Chapter 7, the stability measurements of Chapter 5 were built upon. Firstly, the 
devices were subjected to an additional annealing step, either in air or a nitrogen 
filled glove box, at an elevated temperature after conversion of the precursor 
materials in an attempt to remove moisture or oxygen present within the device. 
Here, a 20% loss of initial performance was observed for the devices with the 
additional annealing step performed in air due to differences in spatially resolved 
photocurrent generation. However, this loss was countered with a significant 
improvement to the operational stability of the devices, degrading by only 35% over 
335 hours. This improvement was speculated to be due to the removal of the 
degradation catalysts, oxygen and water, from the perovskite and PEDOT:PSS layers, 
reducing the speed at which the degradation reactions can occur. It is also possible 
that hygroscopic by-products of the formation of the perovskite crystal, most 
notably methylammonium chloride, are removed by the additional annealing step, 
reducing the probability of water reabsorbing into the device after the main 
annealing step. Secondly, the effect of substrate and solution temperature when 
depositing the perovskite precursor solution on the stability of devices was 
investigated. Devices with perovskite films deposited at the highest temperatures 
gave the highest initial performance most likely due to improved surface coverage, 
however, they proved to be the least stable when subjected to 335 hours of 
continuous illumination.  
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8.1: Further Work 
With the work presented in this thesis, it is hoped that an insight has been provided 
on the importance of studying polymer contamination, the operational stability of 
perovskite solar cells and the factors affecting their lifetime. There are several ways 
in which the work presented here could be taken further. As the lifetime test of Pd 
contaminated PCDTBT:PC70BM photovoltaic devices was only for 140 hours, it 
would be interesting to see the impact of Pd over a much longer time period. Further 
investigation into the effects of Pd on PFD2TBT-8:PC70BM solar cells is important to 
determine the actual mechanisms behind any performance losses, such as short-
circuit limited current measurements to determine any effect to charge carrier 
mobility, as well as the observed tolerance to certain levels of contamination.  
With regards to perovskite solar cell stability, alternate materials could be used for 
the electrodes and charge transport layers, as well as different perovskite materials, 
to see if stability could be improved. PEDOT:PSS is known to be highly hygroscopic, 
so utilising less hygroscopic materials for the hole transport layer may improve the 
stability of devices. The recently reported Cs5(MA0.17FA0.83)95Pb(I0.83Br0.17)3 [1] has 
been found to be remarkably stable in standard architecture devices, so it would be 
interesting to see how it performs in inverted architecture devices. Different forms 
of encapsulation, such as a cover slide containing a desiccant could also be used to 
try and improve the stability of perovskite solar cells. Furthermore, it has been seen 
in Chapter 5 that when the perovskite decomposes, the products are trapped within 
the device by the encapsulation. Therefore, it would be interesting to see if any 
performance could be recovered by annealing the device after some decomposition 
has occurred, potentially allowing the perovskite crystal to reform from the 
components and recover some of the lost performance. 
For the hydroiodic acid additive examined in Chapter 6, further experiments should 
be performed to determine the exact mechanism behind the improved device 
performance. Steady-state and time-resolved photoluminescence could be used to 
determine how well the precursor materials covert into perovskite crystals, as well 
as differences in the charge carrier recombination rates which could be affecting the 
open circuit voltage of such devices. It would also be useful to determine the 
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optimum quantity of hydroiodic acid to add to precursor solutions to provide the 
greatest device performance and stability. 
The experiments in Chapter 7 should be repeated with additional experiments 
performed, such as Raman spectroscopy, energy dispersive x-ray spectroscopy, 
external quantum efficiency, and both steady-state and time-resolved 
photoluminescence, to determine the mechanisms behind the improved operational 
stability that was observed. These experiments would give insight into any chemical 
changes that could be occurring as a result of additional annealing steps or 
depositing at different temperatures, for both the initial state, and after continuous 
illumination and operation. It would also be useful to find the optimum temperature 
and time for the additional anneal, as it may be possible to achieve even longer 
lifetimes than observed in this thesis. 
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